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The prinipal aim of this PhD thesis is the investigation of the formation and evolu-
tion of galaxies during the osmi epohs. The followed approah is the observational
analysis of the stellar population properties of high redshift galaxies diretly in their
early phases of evolution in order to ath a piture of their possible origin and of
the subsequent proesses whih have brought them toward the loal Universe, where
we observe their desendants.
In partiular this thesis is foused on elliptial galaxies whih, as it will be pre-
sented in Setion 1.1, are ideal andidates to probe the evolution of most of the
stellar mass in the loal Universe, and on their stellar properties: age (Setion 1.4)
and metalliity (Setion 1.5). All the work is based on spetrosopi data oming
from the 8m ESO-VLT telesopes (Setion 4) and on the potentiality of spetral
indies (Setion 2) in the omparison with the updated and mostly used stellar pop-
ulation models (Setion 3).
1.1 Elliptial galaxies
Elliptial and lentiular galaxies, i.e. Early-Type Galaxies (ETG), onstitute a well-
dened lass of objets thanks to whih we an trae bak the evolution of most of the
stellar mass of the Universe. In this setion I will briey desribe the harateristis
of this family of galaxies in the well-studied loal Universe.
First of all, ETGs, for denition, share their regular elliptial morphology. An
example of the regular morphology of ETGs is shown in Fig. 1.1 with the HST
images of the sample of 15 high redshift ETGs that will be analyzed in Chapter 5.
Many studies in the loal Universe, as for example those based on the Sloan Digital
Sky Survey (SDSS), tell us that ETGs inlude about the 80% of the baryoni mass
belonging to stars, and that more than the 80% of the stellar mass enlosed in ETGs
belongs to the most massive galaxies with M∗ > 3x1010M⊙ (Renzini 2006 [96℄). As
it an be seen in Fig. 1.2, indeed, the total stellar mass ontribution of the ETGs
(top panel) with respet to their number, is muh more than that of the spiral and/or
star-forming galaxies (alled Late-Type Galaxies)(bottom panel).
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Figure 1.1: HST images of 15 high redshift ETGs analyzed in Chapter 5.
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Figure 1.2: Mass distributions in the loal Universe of early-type galaxies (top panel) and
late-type galaxies (bottom panel). [96℄.
Furthermore, these galaxies onstitute an homogeneous lass in terms of olors
and stellar population ontent, displaying always red olors and evolved (i.e. old)
stellar populations. Generally their spetra show only absorption lines (see for ex-
ample Fig. 5.1) sine the most of the star formation is already quenhed.
The homogeneity of ETGs is onrmed also by the numerous saling relations
observed in the loal Universe. In partiular, these saling relations involve both
their strutural parameters, as the eetive radius, and their olors and mass. In
partiular, the Mass-age, Mass-metalliity, and Mass-α/Fe will be saling relations
involved in the studies presented within this thesis, as it will be disussed in the next
setions (in partiular in Setion 1.5). All these relations demonstrate the presene of
a lear orrelation between the mass and the stellar population properties implying
important onstraints on their formation and evolution proesses.
The lass of ETGs and their study thus appear as the more powerful tool to
investigate the formation and evolution history of galaxies in the Universe. We have
seen that in the loal Universe on one hand they are a lass of well reognizable
objets, and on the other hand they inlude the most of the baryoni mass, even
enlosed in the most luminous and thus easier to be analyzed systems.
Most of these favourable harateristis are a strong point also in the more distant
Universe at least until z ∼ 1, even if with some dierene and with some more ob-
servative diulties. For example in the earlier osmi epohs, galaxies host younger
stellar populations, thus their olors are slightly bluer and/or ould be obsured by
5
CHAPTER 1. INTRODUCTION
dust due to the very reent star formation events. Moreover, exists the observational
problem of the morphology (as disussed in Tamburri et al. 2014 [113℄), due to the
faintness of these distant objets whih prevents a ertain morphologial lassia-
tion. Finally, we do not know if the observed saling relation are the produt of the
evolution of ETGs during the osmi epohs, or of the formation mehanisms. This
latter possibility would imply that these relations still hold at any redshift with the
same harateristis.
For all these reasons, exploring the formation and evolution of ETGs both in the
loal and in the distant Universe is a powerful tool to shed light on the issue of the
formation of the strutures as they appear in the Universe that we observe. In the
next setion I will introdue the main proposed senarios for the star formation and
assembly histories of ETGs together with the observational evidenes so far olleted.
1.2 Formation and evolutionary senarios
Sine the 1960s, many theories on the formation and evolution of this speial lass of
galaxies, the elliptials, have been formulated to explain the observational evidene
that ETGs show the remarkable uniformity in their photometri and hemial prop-
erties disussed in the previous setion. These models not only have to fully desribe
what is observed in the loal and distant galaxies, but also to math the onstraints
imposed by the studies on the formation of dark matter halos strutures, in a wider
osmologial framework.
One of the rst models proposed to desribe the formation of the ETGs was the
so-alled monolithi ollapse senario. In this framework, elliptials are assumed to
have formed at high redshift (z > 5−7) as a result of a rapid ollapse of a gas loud.
This gas is then quikly onverted into stars by means of a very strong burst followed
by a rapid quenhing of the star formation ativity due to the galati wind powered
by supernovae explosions and stellar winds whih arry out the residual gas (Eggen
et al. 1962 [24℄, Larson 1974 [54℄, van Albada 1982 [126℄).
The numerous observational works whih have revealed the presene of old stellar
populations in ETGs and the reent nding of a population of massive and passive
galaxies already in plae at high redshift, when the Universe was only a few Gyr
old (Cimatti et al. 2004 [14℄, Sarao et al. 2005 [103℄), are in agreement with this
senario.
However, both the detetion of residual star formation ativity in ETGs at z < 1
(Kaumann et al. 1993 [43℄, Trager et al. 2000 [120℄), and the problem that the
monolithi model annot be easily inluded in a global osmologial framework, have
lead to the formulation of a revised monolithi model (Kobayashi 2004 [46℄, Pipino
et al. 2010 [91℄). In this new senario, now plaed in the osmologial ontext of the
Cold Dark Matter (CDM) model whih is suessful in reproduing the anisotropies
of the osmi mirowave bakground, the massive ETGs would assemble most of their
mass at z > 2 − 3 by means of merging events with small substrutures omoving
in the same potential well. The following evolution is mainly haraterized by the
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ageing of the stellar populations, with new small star formation events at z < 1,
onneted for example with merging events with smaller satellite galaxies.
An alternative senario of galaxy formation is the hierarhial model, based on
the hierarhial lustering senario for the formation of dark matter haloes in the
CDM osmologial framework. This model suggests that massive galaxies are the
nal produt of several gas-rih merging (alled wet) episodes of dis galaxies at
high redshift (z ∼ 4 − 5) whih form most of the nal galaxy mass (Kaumann
et al. 1993 [43℄, De Luia et al. 2006 [23℄). Observational evidenes in favour of
this senario are the sharp inreasing of the merging rate with redshift (see Patton
et al. 1997 [86℄) and the observed relation between the olors and the strutures
omplexity of galaxies, with olors tending to bluer wavelengths with the inreasing
of the omplexity. Finally, this senario is well supported by numerial simulations
of the merging interation among galaxies whih suessfully reprodue also the
kinemati and photometri properties of massive elliptials (Naab et al. 2006 [79℄).
On the other hand, the number density of elliptial galaxies does not derease
with inreasing redshift at least until z ∼ 2, with the fration of ETGs being onstant
at 20 − 30% (Tamburri et al. 2014 [113℄, Im et al. 1996 [38℄), ontrary to what is
foreseen by the hierarhial senario.
A further model of galaxy formation, the so-alled dry merging view, predits
merging events without gas (alled dry) from whih very luminous ETGs are formed
by the union of quiesent galaxies, i.e. without ongoing star formation. This senario
is supported by the evidene of an almost-null evolution of the ETGs luminosity from
z ∼ 1, while a strong derease would be expeted due to the ageing of stars. This
eet ould be thus explained assuming an inreasing of mass not followed by new
star formation, i.e. dry merging (Bell et al. 2004 [4℄).
In the last years, a new senario alled inside-out growth has beome under
disussion. In this senario, ETGs formed at high redshift (z ∼ 4 − 5) as single
ompat spheroids from gas-rih merging event. This initial wet merging event must
have happened at high redshift where the progenitors galaxies still have residual
gas, while at lower redshift the ompat ETGs will experiene onseutive dry minor
merging events whih involve low mass systems. The main eet of the dry merging
events is the adding of an external envelope at low density to the ompat ETG,
whih is able to leave unhanged the stellar mass while the total eetive radius is
enlarged. This model has been formulated beause of the observation of elliptial
galaxies at 1 < z < 2.5 with an eetive radius a fator ∼ 2− 5 smaller with respet
to the mean radius of loal ETGs with the same stellar mass (Daddi et al. 2005 [20℄,
Longhetti et al. 2007 [62℄, Cimatti et al. 2008 [17℄, Sarao et al. 2009 [105℄). This
mehanism should expand the galaxy dimension, but not the total mass, until the
values of the eetive radius math those of the ETGs with the same mass observed
in the loal Universe (Naab et al. 2009 [80℄, Bezanson et al. 2009 [5℄).
Atually, this senario shows some limitations as for example the unlikely number
of minor dry merging events neessary to expand the ETGs and the lak of a meh-
anism able to justify the presene of a number of non-ompat ETGs observed at
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high redshift equivalent to that of the ompat ones (Sarao et al. 2010, 2011 [106℄,
[107℄). These last results suggest that the proesses that drive the mass assembly of
ETGs are probably not universal within the whole lass of galaxies and whih ould
be the fators that determine dierent formation histories remain an open issue.
In onlusion, the origin and the assembly history of the ETGs still remains an
open issue up to now, and the way to disriminate among the dierent proposed
senarios is oered by the studies of high redshift galaxies. For example, the wet
merging senario predits that ETGs are formed by omposite stellar populations
with the inner population younger than the outskirts. On the ontrary, dry merging
events, mixing the stellar populations of the progenitors should dilute the age radial
variation, forming a rather at stellar population distribution. In the inside-out
growth senario, instead, the gas-rih merging events whih should have formed the
ompat ETGs, suggests a stellar population highly oeval in the enter, to whih
there will be added and redistributed in the outer regions the ontributions of the
following dry merging events, preserving the absene of strong gradients.
This piture of formation models of ETGs thus highlights the possible presene
of multiple stellar populations within this lass of objets but with some dierenes
depending on the way mass has been areted. Up to now, studies on ETGs based on
photometri analysis have allowed to identify them also in the distant Universe, but
only reently the available spetrosopi data for some of these distant objets with
high signal to noise ratios has opened a new possibility of studying these omposite
populations at high-redshift as it will be detailed in the work of Chapter 5.
1.3 Observational approah
In the previous setion the still debated senarios of ETGs formation have been pre-
sented. All the possible tests aimed at verifying whih is the most realisti model
to desribe the formation and evolution of ETGs must pass through the omparison
with the observations. From the observational point of view, two dierent but om-
plementary approahes exist for the studying of galaxy formation. In this setion I
present these two mostly adopted approahes together with their main observational
results obtained so far in the loal and high redshift Universe.
The so-alled arhaeology approah (Thomas et al. 2005, 2010 [116℄, [117℄)
studies in details the properties of loal galaxies, trying to trae bak their past star
formation history. The studies on loal ETGs have the advantage of dealing with a
huge quantity of data (e.g. omplete samples) with high signal to noise ratio and with
high spetral and spatial resolution. In partiular, this approah has been pioneered
by the analysis of slopes and satter of the main ETGs saling relations (Renzini
2006 [96℄) and followed by detailed studies of absorption-line indies (Longhetti et al.
2000 [60℄, Trager et al. 2000 [120℄, Thomas et al. 2005, 2010 [116℄, [117℄). The main
hallenge in the arhaeology of stellar populations of ETGs is the disentanglement of
age and metalliity, whose eets are degenerate in old (> 5 Gyr) stellar populations.
Moreover, in the loal Universe the stellar properties of old ETGs ould have been
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mixed up by many possible evolutionary events (like merging events), that ould
have led to the same nal result. As a onsequene they have lost the faulty of
bringing information on the origin of their star ontent.
A more diret approah is of ourse that of following the evolution of the stellar
properties of ETGs with redshift by means of diret observations at eah osmi
epoh. In this ase the main diulty is the lower quality (i.e. signal to noise ratio)
and quantity (e.g. lak of omplete samples) of the obtained data with inreasing
redshift, that onsequently result more diult to be redued and interpreted. An
other ompliation is the so-alled progenitor bias, whih implies that ETGs ob-
served at low and high redshift are not neessarily extrated from the same sample
(van Dokkum et al. 2000 [129℄). Only in the last years, testing the high redshift
(z > 1) Universe is beginning possible thanks to the advent of new tehnologies and
instrumentations that allow to obtain the neessary high quality data. The work
desribed in this thesis, in partiular, adopted this seond approah exploiting new
available spetrosopi data in the z > 1 Universe.
In the loal Universe (z ∼ 0), as already mentioned, ETGs onstitute a family of
stellar systems mainly haraterized by rather old stellar populations. Most of the
reent works based on samples of ETGs at z < 0.1, are in agreement in onsidering
the mass assembly of ETGs ompleted at z ∼ 0.8. Indeed, from the results on
the evolution of the stellar mass funtion, whih desribes the galaxy density as a
funtion of mass, we know that means that the number of massive ETGs remains
onstant from the loal Universe to z = 1 (Fontana et al. 2004 [28℄). Moreover,
the observation of the evolution of the galaxy luminosity funtion, whih provides
the number of galaxies in dierent luminosity bins, whih shows a shape variation
in the range of the brightest galaxies, is onsistent with a pure passive evolution of
ETGs (Sarao et al. 2006 [104℄). Other observational evidenes in agreement with
these ndings are that the number density of ETGs observed at z ≤ 1 is onsistent
with that at z = 0 (Sarao et al. 2005 [103℄, Cimatti et al. 2006 [15℄) and that the
evolution of the saling relations that ETGs follow, in partiular size-mass and size-
luminosity, is onsistent with a passive evolution of their luminosity. Finally, from
the evolution of the Fundamental Plane, empirial sharp relation (Treu et al. 2001
[121℄) whih involves the main harateristis of ETGs (eetive radius, superial
brightness and veloity dispersion), we know that its satter is invariant until z ∼ 0.7
(Treu et al. 2002 [122℄) and that the oset observed at z ∼ 1 with respet to the
loal relation is onsistent with a pure passive evolution of the stellar population
(van Dokkum et al. 2003 [130℄).
A fundamental role in the evolution of ETGs at z < 1 is played by mass. Indeed,
many observational evidenes support the hypothesis of the so-alled downsizing,
whih suggests that galaxy evolution is strongly aeted by mass, i.e. that more
luminous and massive systems omplete their formation rst, while less massive
systems prolong their star formation ativity for a longer time. For example, it is
found that the possible new star formation episodes at low redshift z < 1.2 in ETGs
would involve mass frations < 1% for massive galaxies, and up to about 40% for
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those less massive (M< 1011M⊙) (Treu et al. 2005 [123℄). An other evidene of
properties onneted with mass is the olor-magnitude relation (Kodama et al. 1998
[47℄) whih shows that ETGs are omposed mainly by oeval stellar populations, but
being the more massive more metal rih (see Setion 1.5).
An other important fator in the evolution of ETGs is the environment where
they have formed. Indeed, for example saling relations of ETGs are invariant with
respet to the density of their environment, but in low-density environments they
show a more signiant satter with respet to more dense regions or lusters. The
main result obtained within the analysis of loal sample of ETGs, is that galaxies
in low-density environments are ∼ 1 − 2 Gyr younger with respet to luster oun-
terparts (Thomas et al. 2005 [116℄). This ould be explained as a onsequene of
a more omplex and prolonged mass assembly and stellar evolution of eld ETGs
with respet to those in denser environments. However, the environment seems to
be less determinant for the ETGs evolution than the eets related to their mass, as
suggested by the work of Thomas et al. 2010 [117℄ that will desribed in Setion 1.5.
In onlusion, on the one hand the agreement among these results has lead to a
lear omprehension of the properties and evolution of ETGs at z < 1, but on the
other hand it has not added any strong onstraint on the mehanisms responsible
of their mass assembly, thus opening the neessity of fousing on the higher redshift
ETGs analysis.
The situation in the redshift range 1 < z < 2 is far from being lear and ho-
mogeneous like that at z < 1, rstly beause of the diulties in nding numerial
signiant samples of ETGs at high redshift. Moreover, the spetral harateristis
that provide information on this lass of galaxies are loated in the spetral optial
region, whih at z ∼ 1 is redshifted toward the near infrared, where the observations
are greatly disturbed by the atmospheri emissions and absorptions. Therefore,
the rst step to study the stellar populations of ETGs at z > 1 is that of nding
an appropriate sample of ETGs with spetrosopi redshift determination, spetral
lassiation and morphologial harateristi similar to those of loal ETGs (Tam-
burri et al. 2014 [113℄). Up to now, only few pioneering works (Ziegler et al. 2005
[139℄; Cimatti et al. 2008 [17℄; Onodera et al. 2012 [81℄; Jorgensen & Chibouas
2013 [40℄; Lonoe et al. 2014 [63℄; Gallazzi et al. 2014 [29℄; Jorgensen et al. 2014
[41℄) have been devoted to the analysis of spetrosopi data of high-z ETGs and
they are mostly based on very low resolution data and/or in some ases performed
on staked spetra (Onodera et al. 2015 [82℄). From these analysis we know that
the population of ETGs at z ∼ 1− 2 is omposed by stellar populations formed in a
strong and short burst of star formation happened at z > 3 (Cimatti et al. 2004 [14℄,
Longhetti et al. 2005 [61℄), and haraterized by red olors (R-K > 5− 6) typial of
an old population passively evolved, with age within 1− 4 Gyr, with only small dust
extintion and with a typial stellar mass M ≥ 1011 M⊙ (Cimatti 2008 [16℄).
Next two setions will desribe the two main stellar population properties, i.e.
age and metalliity, that have been investigated in this thesis, whih are the main




The age of the stellar populations is the rst stellar property that must be explored
if we want to know the evolutionary stage of ETGs at high redshift. Indeed, knowing
the distribution of the ages among the high-z ETGs population and onsequently the
epohs of the formation of their stars allows to put strit onstraints on the formation
of the ETGs themselves. Age is also the easiest parameter to be determined thanks
to the strong dependene of olors and absorption lines (e.g. Balmer lines) on the
evolutionary phase of stars. In partiular, the determination of ages in the higher
redshift Universe is even simplied beause galaxies are younger and the eets of
small age variations on the observables are more evident than in the loal Universe,
even if a residual age-metalliity degeneray still holds. Moreover, obtaining a solid
measure of the stellar population age of ETGs is of fundamental importane to
derive solid onstraints also on the other stellar population parameters, as the stellar
metalliity (see next setion).
It has been already mentioned in the previous setion that reent observations
have revealed a population of massive and passive galaxies already in plae at high
redshift (Cimatti et al. 2004 [14℄, Glazebrook et al. 2004 [33℄, Sarao et al. 2005
[103℄), as shown in the example of Fig. 1.3. This makes important to move the
investigation of ETGs ages to even higher redshift (z > 2− 3) to explore the phase
of their stronger evolution that was previously expeted in the lower redshift range
between 1 and 2. However, the z > 3 Universe exploration is still hallenging for
ETGs due to their faintness. Thus, the only atual possibility now is studying in
more details the fossil reords of z ∼ 1 ETGs trying to extrat information on
the ative proesses of their reent formation. Indeed, any reent event as dry/wet
mergers or gas inows that ould have hanged the mean age of the original stellar
population thanks to new added stars or as a result of new star formation events,
an be deteted in the analysis of the age of the stellar populations.
The analysis of ages is generally performed by means of photometri data and
olors analysis sine we have seen that they are sensitive to age variations (Longhetti
et al. 2005 [61℄, Cimatti et al. 2008 [17℄, Maraston et al. 2010 [71℄). In fat, this is
also due to the great availability of multiband photometri data on a large number
of objets also at high redshift, olleted by many deep galaxy surveys as GOODS
(Great Observatories Origins Deep Survey, see Santini et al. 2009 [102℄ for a omplete
atalogue) and COSMOS (Cosmologial Evolution Survey, MCraken et al. 2010
[76℄), whih usually inlude also high-quality HST (Hubble Spae Telesope) deep
images. The derivation of the age of high redshift ETGs is performed through the
omparison of their olors with a wide range of stellar population models (see Setion
3), providing a mean value of their global stellar population. In fat, this method
apart from being easily applied to large quantities of data has the disadvantage that
annot be used to detet dierent stellar omponents with dierent ages, but it allows
only the estimate of an average global value. Moreover, olors ould be biased by
dust absorption whih an inuene all the photometri analysis.
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Figure 1.3: A zoom of the average UV spetrum of the four ETGs found in the range
1.4 < z < 1.9 (blue line) ompared with the syntheti spetrum of a 1.1Gyr old simple stellar
population (red line) with solar metalliity and Salpeter initial mass funtion (Bruzual &
Charlot 2003 [7℄ models, see Setion 3.3). Formation redshift zform > 2.7. (Cimatti et al.
2004 [14℄)
As it will be extensively seen later within the here presented work, more sensitive
age-indiators exist: the spetral indies. As olors, absorption lines are strongly
aeted by the evolutionary stage of stars, but they are rst of all less sensitive to
dust absorption. Well studied spetral indies are able to provide very detailed infor-
mation on the stellar population ontent of ETGs as it will be desribed in Chapter
2, and demonstrated by numerous works in the loal Universe (Longhetti et al. 2000
[60℄, Poggianti et al. 2001 [92℄, Thomas et al. 2010 [117℄) and intermediate Universe
(Jorgensen & Chibouas 2013 [40℄, Gallazzi et al. 2014 [29℄). Moreover, some par-
tiular ombinations of indies an help to detet multiple stellar omponents, even
when involving few perentages of the total stellar mass (Setion 2.1), giving preious
onstraints on the reent star formation history of ETGs. As already said, however,
at the moment spetrosopi analysis an be performed only on small samples of
ETGs, and up to now no statistial analysis have been possible.
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A large part of the work presented in this thesis is devoted to the analysis of the
age of high redshift ETGs, both looking for multiple omponents (at 0.7 < z < 1.2)




The metalliity haraterizing the stars of a galaxy is an important parameter be-
ause it gives information both on the origin of the galaxy itself (i.e. the original
gas from whih its stars formed) and on the proesses whih have ontributed to its
early evolution (i.e. the gas enrihment related to the star formation ativity). Fur-
thermore, it is sensitive to proesses as the gas infalls and outows, i.e. to feedbak
proesses and to the interplay between the galaxy and the intergalati medium.
This is for example onneted with the still unlear mehanisms of star formation
quenhing in elliptial galaxies.
From the 1970s it has been historially known the existene of a lear orrelation
between luminosity and metalliity of galaxies (Lequeux et al. 1979 [58℄). The fat
that the most massive galaxies are also the most metal-rih was interpreted by Larson
(1974, [54℄) as a result of the galati winds that our later in the most massive
objets, thus allowing the star formation proess to ontinue for a longer period than
in less massive galaxies. Indeed, outows are expeted to be more important in low-
mass galaxies where the gravitational potential is lower and a smaller fration of gas
is retained. This ould explain why the higher is the mass of the galaxy, the larger
is the hemial enrihment and the redder are the olours.
It is now lear that loal galaxies follow a well-dened mass-metalliity relation.
However, the above interpretation based on the galati winds has been hanged in
the last years due to the observed α-elements (e.g. Magnesium) enhaned abundane
with respet to Iron (α/Fe ratio) ompared to the solar abundanes in the entral
parts of elliptials whih shows a trend with mass (Faber, Worthey & Gonzalez 1992
[25℄), suggesting that the star formation lasted for a period shorter than the time at
whih the numbers of type Ia Supernovae beomes important. Indeed, an overabun-
dane of α-elements relative to Iron is a lear sign that a short proess of galaxy
formation ourred before than a substantial number of type Ia Supernovae ould
explode and ontribute to lower the α/Fe ratio (see Matteui 2001 [75℄, Thomas et
al. 2005 [116℄). The observed inreasing of the α/Fe ratio in the ore of elliptial
with mass indiates, among other possibilities, that the star formation lasted for a
shorter period in the more massive systems, on the ontrary of the lassial wind
senario of Larson [90℄.
Other possible explanations exist, for example a variable initial mass funtion
that hanges systematially with mass (Koppen, Weidner&Kroupa 2007 [48℄) and/or
a derease of the dark matter ontent again as a funtion of the mass (Matteui,
Ponzone & Gibson 1998 [74℄). These eets have a signiant impat on galaxy
evolution, and the knowledge of their relative ontributions is of ruial importane.
Dierent models have been built to reprodue the mass-metalliity relation in the
loal Universe (Pipino & Matteui 2004 [90℄) and it has been possible to test their
preditions diretly in the rst phases of evolution as gas metalliity an be measured
at high redshift in star-forming galaxies, in partiular in Lyman-break galaxies (Pet-
tini et al. 2001, 2002 [88℄, [89℄). Gas metalliity at high redshift ould be obtained
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Figure 1.4: Mass-metalliity relation from the gas in Lyman Break Galaxies at high redshift.
At higher redshift the ISM is observed to be more metal-poor. [67℄.
by measuring the uxes of the main optial emission lines ([O II℄λ3727, Hβ, [O III℄
λ5007, Hα) that in this kind of galaxies are prominent (Mannui et al. 2009 [67℄).
As shown in Fig. 1.4 several works have observed the mass-metalliity relation in the
distant Universe, around z = 0.7 (green line), between 0.5 and 1.2, at z ∼ 2 (Purple
line) and z ∼ 3 − 4 (blue line) (See referenes in [67℄). It is found a lear evolution
with osmi time of this relation, with metalliity dereasing with inreasing redshift,
for a given stellar mass. This evidene ould be the expeted behaviour if the metal
enrihment of the interstellar medium inreases during the early osmi epohs as a
onsequene of the metal prodution in stars.
In ontrast, deriving the stellar metalliity of high-redshift galaxies, in parti-
ular of the most quiesent, is muh more hallenging beause it is obtained from
15
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Figure 1.5: Stellar mass-metalliity relation in the loal Universe [117℄.
absorption lines whih require high S/N of the spetrosopi data to be deteted and
measured. It is important to note that gas and stellar metalliity (both showing
the mass-metalliity relation) are related, but the information that they ontain is
dierent beause the gas fration whih eetively turns into stars during the star
formation must be onsidered. Moreover, it is still hardly debated if the high-z
Lyman-break galaxies are the real progenitors of the z ∼ 1 and loal elliptials pop-
ulation (see de Mello et al. 2004 [77℄, Williams et al. 2014 [134℄), thus a progenitor
bias must be taken into aount when omparing the two galaxy populations.
Up to now, the analysis of the stellar mass-metalliity relation is based on loal
sample of elliptial galaxies following the so-alled arhaeology approah to de-
rive information about their star formation histories. Many works have studied this
relation helped also by the α-elements abundanes measures to disentangle the im-
portant age-metalliity degeneray aeting the loal studies (Thomas et al. 2005,
2010 [116℄, [117℄). An example taken from Thomas et al. 2010 [117℄ is shown in Fig.
1.5: a large sample of loal elliptial galaxies exhibits a lear orrelation between the
stellar metalliity and the veloity dispersion whih is a traer of the stellar mass.
This evidene, ombined with the observed α/Fe-veloity dispersion relation
[117℄, has lead to the disovery of the fundamental role of the mass in determin-
ing the star formation history of elliptials. Indeed, the hemial ontent of the
sample of galaxies, as already disussed, provides the star formation time-sale. In
Fig. 1.6 the spei star formation rate as funtion of look-bak time (or redshift) of
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Figure 1.6: Spei star formation rate as funtion of look-bak time for early-type galaxies
of various masses as indiated by the labels.[117℄.
ETGs of various masses is shown, indiating that the more massive galaxies formed
at earlier osmi epoh and on a shorter time-sale than the less massive ones.
The previous important relations and nding have been found and measured in
the loal Universe, even if loal galaxies are the result of a very long evolution from
the formation of the rst stars to what is observed at z = 0, so that their stellar
properties ould have been mixed up by possible evolutionary proesses or events, like
prolonged gas inows that trigger new star formation or merging events with external
systems. Indeed, line indies and olour gradients are observed in loal elliptials
(Carollo et al. 1993 [10℄, La Barbera et al. 2012 [53℄, Spolaor et al. 2008 [110℄)
and they an be reprodued by means of a variation in the mean metalliity of the
stellar population as a funtion of the radius. This evidene ould be explained both
as an indiator of a ommon formation proess, or as the produt of evolutionary
events, sine at higher redshift olour gradients are also observed but with dierent
harateristis (Gargiulo et al. 2012 [31℄).
So it is of fundamental importane to derive these saling relations also diretly at
higher redshift to omplete our knowledge on the formation senario. Up to now, only
few spetrosopi works have been devoted to the analysis of the mass-metalliity
relation at intermediate redshift (e.g. Sanhez-Blazquez et al. 2009 [101℄, Jorgensen
& Chibouas 2013 [40℄), mainly foused on luster samples of elliptials. These works
onrm the trend of the loal saling relations observing the same slope at redshift
z ∼ 0.5 − 0.8, with the more massive galaxies being the more metal rih, but the
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main diulty found is the observed larger satter in metalliity and α-enhanement
whih atually prevents the determination of the saling relation itself. At higher
redshift in the eld the analysis is at the moment based on staked spetra due to
the even lower quality of spetrosopi data (de Mello et al. 2004 [77℄, Shiavon et al.
2006 [109℄, Onodera et al. 2015 [82℄), so that the apparent onsistent results with the
loal saling relations ould be only the produt of the staking proess. Indeed, the
metalliity values, being a mean of the staked galaxies, atually hide the underlying
satter that an be a sign of non homogeneous properties of the high-redshift stellar
populations.
In general, it is found that the high redshift (z > 1) quiesent galaxies host high
stellar metalliity populations, whih is in agreement with what is found in the loal
massive elliptials, at least in their inner ores. This ould be explained with a simple
passive evolution toward z = 0. As it will disussed in next setion, in this thesis
new lues on the metalliity measures of high redshift elliptials will be shown, whih
will in part onrm this trend but also open to a non homogeneous senario with
the onsequent suggestion of a variety of evolutionary paths for this lass of objets
whih appear more and more omplex than thought before.
1.6 This thesis
As it has been detailed in the previous setions, dierent galaxy formation senarios
suggest dierent star formation histories. Gaining information on the stellar popula-
tion ontent, in partiular age and metalliity, of ETGs is thus of great importane
to shed light on their origin. In this thesis I will present my ontribution to this
investigation studying the age and metalliity of z > 1 ETGs, that has been pos-
sible thanks to new available spetrosopi data whih allowed to exploit the great
potentiality of measuring many ombinations of spetral indies.
As far as the age, in Chapter 5 the analysis of a sample of 15 ETGs at z ∼ 1
for whih, by means of a spei ombination of spetral indies sensitive to young
stars, I deteted the presene of minor younger omponents superimposed on the old
bulk of stars will be presented. As will be argued in Chapter 5, this evidene tells us
that new, although minor, episodes of star formation must have ourred after their
formation later during their evolution, implying new onstraints on the evolutionary
models.
As disussed in the previous Setion 1.5, the estimate of the stellar metalliity
of individual high redshift elliptials is at the moment an observational hallenge,
beause it requires high S/N spetrosopi data overing large spetral window, but
it would be fundamental to shed light on the star formation histories of ETGs. The
ontribution of this thesis to this topi will be presented in Chapters 6 and 7. Thanks
to spetrosopi data olleted with the VLT/X-Shooter spetrograph, whih oer
the possibility of exploring many metalliity indiators, I was able to derive for the
rst time an estimate of the stellar metalliity of 4 individual elliptial galaxies at
z > 1.4, together with some hints on their α/Fe enhanement. These observations
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show dierent values of the metalliity among the sample galaxies, inluding both
super and sub solar values.
The three works performed during my PhD, disussed in Chapter 5, 6, 7, have
been built on three important elements: i) the spetral indies (i.e. the main tool
of the analysis), ii) the syntheti stellar population models (needed to derive stel-
lar parameters from data), iii) the spetral data useful for the proposed analysis.







Spetral indies are powerful instruments to get information on the stellar population
properties of galaxies, in partiular age and metalliity. Indeed, they provide, thanks
to their denitions, the measure of the strength of many absorption lines or features,
whih are related both to the age of the stellar populations (by means of their
dependene to the stellar temperature) and to its hemial ontent (by means of
their dependene on the abundane of metals in the stellar atmospheres). Obviously,
this double dependene leads to some degeneray between these two parameters, but
as it will beome lear in the following setions, in some ases this deieny an be
exeeded by hoosing the right set of indies.
One of the great advantage of working with the line indies is that absorption
lines are less aeted by dust reddening than ontinuum or emission lines, whih is
a well-known issue for younger stellar populations. This fat helps the analysis of
the stellar population properties, deleting de fato one parameter, i.e. dust, whih is
degenerative with age and metalliity. Indeed, these three fators (age, metalliity
and dust) at in same way on the spetrum shape, inreasing the emission in the
redder wavelength.
The mostly known and used spetral indies are the so-alled Lik/IDS indies,
dened by Worthey et al. 1994 [135℄ in the optial region around 5000 Å (see the
following Se. 2.2). This important set of indies has being exploited by many works
based on loal sample of galaxies (Longhetti et al. 2000 [60℄). However, in the
last years, many works foused on the analysis of the stellar population properties
of galaxies are approahing medium and high redshift ranges in order to study the
stellar ontent of more and more distant galaxies, loser to their formation epohs.
Thanks to the osmologial redshift, this has meant that the restframe spetral
region that is analysed with optial observations, is moving to shorter wavelength,
toward the extreme UV region. From this fat, the neessity of exploring new sets of
spetral indies in the region from 4000 Å to 2000 Å has raised. Thus now, besides
the Lik/IDS indies, we have the possibility of dealing with a very wide set of solid
spetral indies dened and tested by e.g. Ponder et al. 1998 [93℄, Maraston et al.
2009 [70℄ (and referenes therein) overing a large spetral range.
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Figure 2.1: Example of a 2Gyr syntheti spetrum in the spetral region around 2500−6000
Å. UV and Lik/IDS indies are highlighted in blue and red respetively.
The work of this thesis is prinipally based on spetrosopi data in the observed
spetral range from UV to the near-Infrared (see next setions) of ETGs in the
redshift range from z ∼ 0.6 to z ∼ 2.0, therefore the following setions are dediated
to a brief desription of the main and most important spetral indies used in this
work. In partiular, the rst setion is foused on the 4000 Å region exploited in the
analysis disussed in Chapter 5; in the seond setion there is the desription of the
Lik/IDS indies together with the peuliarity of some important indies used in the
analysis of Chapter 6; and in the third setion I will present the main harateristis
of the new UV indies (in the 2000 − 3000 Å region), whih are the basis of the
work desribed in Chapter 7. Finally, the last setion is foused on the error analysis
followed by this work, giving partiular emphasis to the MonteCarlo simulations.
In Fig. 2.1 the spetral features of many indies are shown on a representative
syntheti spetrum in the spetral region around 2500 − 6000 Å restframe.
All the spetral band-passes involved in the indies denitions are listed in Table
2.1.
2.1 D4000 and H+K(CaII)
The two most important age-dependent spetrophotometri indies around the 4000Å
range are the D4000 and H+K(CaII) index. The D4000 index was dened by Bruzual




F¯ν(λ3 − λ4) (2.1)
with λ1 − λ2 = [4050Å−4250Å], λ3 − λ4 = [3750Å−3950Å] (see also Table 2.1);
22
2.1. D4000 AND H+K(CAII)
Table 2.1: Band-passes for the indies denitions. UV indies from Maraston et al. 2009
[70℄ (and referenes therein), Blue indies from Ponder et al. 1998 [93℄ (and referenes
therein) and Lik indies from Trager et al. 2000 [120℄.
Index Blue band-pass [Å℄ Index band-pass [Å℄ Red band-pass [Å℄ notes
BL(1617) 1577.0 - 1597.0 1604.0 - 1630.0 1685.0 - 1705.0 UV
BL(1664) 1577.0 - 1597.0 1651.0 - 1677.0 1685.0 - 1705.0 UV
BL(1719) 1685.0 - 1705.0 1709.0 - 1729.0 1803.0 - 1823.0 UV
BL(1853) 1803.0 - 1823.0 1838.0 - 1868.0 1885.0 - 1915.0 UV
FeII(2402) 2285.0 - 2325.0 2382.0 - 2422.0 2432.0 - 2458.0 UV
BL(2538) 2432.0 - 2458.0 2520.0 - 2556.0 2562.0 - 2588.0 UV
FeII(2609) 2562.0 - 2588.0 2596.0 - 2622.0 2647.0 - 2673.0 UV
MgII(2800) 2762.0 - 2782.0 2784.0 - 2814.0 2818.0 - 2838.0 UV
MgI(2852) 2818.0 - 2838.0 2839.0 - 2865.0 2906.0 - 2936.0 UV
Mgwide 2470.0 - 2670.0 2670.0 - 2870.0 2930.0 - 3130.0 UV
FeI(3000) 2906.0 - 2936.0 2965.0 - 3025.0 3031.0 - 3051.0 UV
BL(3096) 3031.0 - 3051.0 3086.0 - 3106.0 3115.0 - 3155.0 UV
NH(3360) 3320.0 - 3350.0 3350.0 - 3400.0 3415.0 - 3435.0 Blue
BL(3580) 3500.0 - 3540.0 3540.0 - 3600.0 3620.0 - 3650.0 Blue
CN(3883) 3760.0 - 3780.0 3780.0 - 3900.0 3900.0 - 3915.0 Blue
H+K(CaII) 3926.0 - 3940.0 - 3961.0 - 3975.0 Blue
D4000 3750.0 - 3950.0 - 4050.0 - 4250.0 Blue
CN(4170) 4082.0 - 4118.0 4144.0 - 4178.0 4246.0 - 4284.0 Blue
HδA 4041.60 - 4079.75 4083.50 - 4122.25 4128.50 - 4161.00 Lik
HδF 4057.25 - 4088.50 4091.00 - 4112.25 4114.75 - 4137.25 Lik
Ca(4227) 4211.00 - 4219.75 4222.25 - 4234.75 4241.00 - 4251.00 Lik
HγA 4283.50 - 4319.75 4319.75 - 4363.50 4367.25 - 4419.75 Lik
HγF 4283.50 - 4319.75 4331.25 - 4352.25 4354.75 - 4384.75 Lik
Gband(4300) 4266.375 - 4282.625 4281.375 - 4316.375 4318.875 - 4335.125 Lik
Fe(4383) 4359.125 - 4370.375 4369.125 - 4420.375 4442.875 - 4455.375 Lik
Ca(4455) 4445.875 - 4454.625 4452.125 - 4474.625 4477.125 - 4492.125 Lik
Fe(4531) 4504.250 - 4514.250 4514.250 - 4559.250 4560.500 - 4579.250 Lik
Fe(4668) 4611.500 - 4630.250 4634.000 - 4720.250 4742.750 - 4756.500 Lik
Hβ 4827.875 - 4847.875 4847.875 - 4876.625 4876.625 - 4891.625 Lik
Fe(5015) 4946.500 - 4977.750 4977.750 - 5054.000 5054.000 - 5065.250 Lik
Mgb 5142.625 - 5161.375 5160.125 - 5192.625 5191.375 - 5206.375 Lik
Fe(5270) 5233.150 - 5248.150 5245.650 - 5285.650 5285.650 - 5318.150 Lik
Fe(5335) 5304.625 - 5315.875 5312.125 - 5352.125 5353.375 - 5363.375 Lik
Fe(5406) 5376.250 - 5387.500 5375.500 - 5415.000 5415.000 - 5425.000 Lik
Fe(5709) 5672.875 - 5696.625 5696.625 - 5720.375 5722.875 - 5736.625 Lik
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The D4000 index is known to be a solid age estimator for galaxies stellar pop-
ulations. In eet, thanks to the wide (200 Å) spetral ranges involved in its de-
nition (Eq. 2.1) and to its strategi position at the boundary from UV and optial
range, this index takes are of the balane between young UV-emitter stars and more
evolved population. And for the same reasons, it provides an age-indiation of the
global stellar population (as it will be used in Chapter 5). Unfortunately, it is also
dependent on the stellar metalliity of the main stellar population thus reating the
well known age-metalliity degeneray, even if the metalliity dependene is muh
less pronouned for ages < 5 Gyr (upper limit for the age of the Universe at z∼ 1.4).
Its dependene to age and metalliity an be visualized in Fig. 2.8 (bottom panel).
The H+K(CaII) index was dened by Rose 1985 [98℄ as the ratio between mini-





with λ1 = 3926, λ2 = 3940, λ3 = 3961, λ4 = 3975 (see also Table 2.1).
The ratio between the intensity of the two CaII lines would be almost onstant
over a wide range of stellar population ages, but the spetral resolution usually
adopted in the observations auses the blend between the Balmer Hǫ line and the
H(CaII) line. Thus the resulting apparent ratio between the two lines is very sensitive
to the presene of small mass frations of young stars, as deeply disussed in Chapter
5. Indeed, it is the blend of H(CaII) with Balmer Hǫ whih atually determines the
index value. In partiular, the eetive ratio between H(CaII)+Hǫ and K(CaII)
beomes < 1 only for hot stars of type earlier than F5 whih have strong Balmer
series absorptions, with a minimum value for A-type Balmer-dominated stars [98℄.
Its dependene to age and metalliity an be visualized in Fig. 2.8 (bottom panel).
In Fig. 2.2 an example of the behaviour of the H+K(CaII) feature for a pure
5 Gyr template spetrum (upper panel) to whih a younger stellar omponent with
age 0.5 Gyr is added with inreasing mass frations (1% middle panel, 2% bottom
panel) is shown: from these plots it is lear how this index is highly sensitive to the
presene of the added younger stars; indeed with only 2% of a younger omponent,
the H+K(CaII) index is signiantly hanged.
Another peuliarity of this index, similar to that of the Balmer lines, is its sensi-
tivity to the presene of even very modest residual star formation ativity. Indeed,
in ase of the presene of a young stellar omponent, younger than 0.2 Gyr (see Fig.
2.3), a nebular emission Hǫ line is expeted, and even in ase of small intensity it an
ll the whole H(CaII) line. The behaviour of this index an be followed both in Fig.
2.3 where the H line feature (red vertial line) is plotted for dierent young stellar
populations, and in Fig. 2.4, where, similar to Fig. 2.2, I show a 5 Gyr template
spetrum (upper panel) to whih is added a very young omponent 0.05 Gyr old
in very small frations (0.1% and 0.2%) whih shows signs of reent star formation
ativity revealed by the hange in the H+K(CaII) feature.
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HK 5 Gyr + 1% 0.5 Gyr







HK 5 Gyr + 2% 0.5 Gyr
Figure 2.2: The variation of the H+K(CaII) feature on a template omposed by a main
stellar population of 5 Gyr and inreasing mass frations of a 0.5 Gyr stellar population.
In onlusion, thanks to the above desribed mehanism, the H+K(CaII) index
is a very powerful tool to reveal the presene of multiple stellar population, as it will
be widely disussed in Chapter 5.
2.2 Lik/IDS system indies
The Lik/IDS system indies are a well known set of optial indies, and they mea-
sure the strength of many absorption lines (with respet to the spetral ontinuum)
produed by various elements or blends of elements, inluding Balmer lines, Iron,
Magnesium and Calium features. Thanks to the variety of traed elements, the
Lik indies are very sensitive to both age (thanks mainly to the Balmer lines) and
the metalliity of the stellar population. Furthermore, they have been exploited also
to give onstraints on the abundanes of eah spei element. In partiular the
Mgb index and many Irons lines indies are good indiators of the balane between
α-elements (those produed by Type II supernovae events) and Fe peak elements
(produed by Type Ia supernovae events), the so-alled α-enhanement. The depen-
dene of these indies on the α-enhanement will be a key point in the work disussed
in Chapter 6.
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Figure 2.3: Trends of the Hǫ in the H(CaII) line (red vertial line) for stellar population
with dierent ages. From ages younger than 0.2 Gyr the Hǫ emission line starts to be
predominant over the absorption.
The set of Lik indies I have used in this work are all dened as atomi indies









where λ1 and λ2 are the wavelength limits of the feature band-pass, FIλ is the
ux per unit wavelength of the feature and FCλ is the value of the pseudo-ontinuum
obtained interpolating the mean values of the blue and red band-passes. The used
band-passes for both feature and ontinuum (blue and red) are shown in Table 2.1,
and ome from Trager et al. 2000 [120℄.
To visualize the dependene of the Lik indies with respet to age and metal-
liity, in Fig. 2.5 some examples of the Lik indies trends (following the models of
Maraston & Strömbäk 2011 [72℄) are plotted as a funtion of the age of the stellar
population (trunated at the age of the Universe at z∼ 1.4) for three stellar metal-
liities: subsolar (blue lines), solar (blak lines) and supersolar (red lines). It an be
easily notied that some of these indies are pure age indiators. In partiular the
Hβ index is only very slightly aeted by the metalliity degeneray, beause as all
the Balmer transitions is mainly determined by the temperature of the stars, being
strongly pronouned in very hot/young stars [49℄. Similarly, also the Balmer Hγ
index is an age-dependent index too, but this index is more aeted by the stellar
metalliity and by α-enhanement beause of the presene of Fe lines in its pseudo-
ontinua windows [115℄. Furthermore, both these two indies ould be ontaminated
by the presene of also small ontributions of nebular emissions, due to possible
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HK 5 Gyr + 0.1% 0.05 Gyr







HK 5 Gyr + 0.2% 0.05 Gyr
Figure 2.4: The variation of the H+K(CaII) feature on a template omposed by a main
stellar population of 5 Gyr and inreasing mass frations of a 0.05 Gyr stellar population
with residual gas Hǫ emissions.
residual of reent star formation ativity. For this reason, when analysing the stellar
populations of galaxies, it must be taken into aount always this possibility and
eventually orret the indies values for this eet.
On the other hand, solid metalliity indiators among Lik indies are the Iron
lines (e.g. Fe(4668), Fe(5015), Fe(5270), Fe(5335), Fe(5406), Fe(5709)), whose trends
with age appear almost onstant for ages > 1 Gyr (see Fig. 2.5), and the Mgb, that,
with its wide and depth feature around 5175 Å, is the best metalliity and abundane
dependent index in the region of 5000 Å restframe. Indeed, the feature related to
this index ontains both Mg (α-element) and Fe (Korn et al. 2005 [49℄), whose
abundanes aet its value muh more than the age of the stellar population. For
this reason it has been widely used to derive the hemial omposition of the ETGs
stellar population both in the loal Universe (Longhetti et al. 2000 [60℄) and at
intermediate redshift (Ziegler et al. 2005 [139℄). In my work, it will be used for
the rst time to derive the stellar metalliity and an α-enhanement estimate of the
stellar ontent of an early-type galaxy at z ∼ 1.4, as it will be desribed in Chapter
6.
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Figure 2.5: Trends of some of the Lik indies as a funtion of the age of the stellar
population (trunated at the age of the Universe at z∼ 1.4) for three representative stellar
metalliities, subsolar (blue lines), solar (blak lines) and supersolar (red lines). Models of
Maraston & Strömbäk 2011 [72℄, see Se. 3.4.
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Figure 2.6: Continued.
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As already mentioned, with the most reent studies foused on high-redshift galax-
ies, thus dealing with younger stellar populations, the UV range beomes the most
relevant beause it is the most onvenient to be observed by means of optial spe-
trosopy. The most used line index system in the UV was dened by Fanelli et al.
1987, 1990 and 1992 [26℄ and Davidge & Clark 1994 [21℄ (all summarized in the paper
of Ponder et al. 1998 [93℄). Within this system, some indies are dened following
the Eq. 2.3, while other ones are dened as moleular indies:








where again λ1 and λ2 are the wavelength limits of the feature band-pass, FIλ
is the ux per unit wavelength of the feature and FCλ is the value of the pseudo-
ontinuum. Again the denitions of the band-passes are listed in Table 2.1.
Due to the spetral region overed by the observations on whih this work is based
and to the redshift of the analyzed samples, I fous my attention on the UV indies
at λ > 1600 Å, in partiular to the BL(1617) index, negleting in this desription
all the extreme far-UV indies. Like all the BL lettering in the UV-indies list,
the BL1617 is a blend of elements (inluding in partiular FeIV and FeV lines). The
prinipal absorption lines inluded in these blends in the range of λ ∼ 1600 − 1800
Å are: AlII, CI, NIV, SiIV, FeIV, FeII, and AlIII.
In the mid-UV, the most prominent absorptions features are the MgII(2800), the
FeI(3000), the two Iron lines FeII(2402) and (2609) and the MgI(2852). All these
indies show a similar behaviour as a funtion of the stellar parameters, being mono-
tonially inreasing with age and moderately dependent on the stellar metalliity
(see Fig. 2.8), with higher metalliities orresponding to stronger equivalent widths.
BL(2538) is a blend of FeI and MgI, and BL(3096) a blend of FeI and AlI lines. In
partiular this last index is less dependent on metalliity with respet to the other
UV-indies, thus it is a potential age estimator (Maraston et al. 2009 [70℄).
Finally, the blue wavelength region, around the 4000 Å, ontains prominent sig-
natures of moleules suh as CN(3883 and 4170) and NH(3360), whih are potential
indiators of the hemial evolution of the stellar populations of ETGs. Furthermore
in this blue region, there is another important blend of elements, BL(3580), mostly
due to Fe peak elements and CN moleule that is rather sensitive to the hemial
ontent of the stellar population (Davidge & Clark 1994 [21℄).
All the trends of the desribed indies with age and metalliity are shown in Fig.
2.8 for syntheti models of Maraston & Strömbäk 2011 [72℄.
2.4 Measurements and errors
The minimum requirement to have the possibility to measure reliable spetral indies
on a spetrum is that its signal to noise ratio (S/N) is not lower than 5 per dispersion
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Figure 2.8: Trends of the UV-Blue indies as a funtion of the age of the stellar population
(trunated at the age of the Universe at z∼ 1.4) for three representative stellar metalliities:
subsolar (blue lines), solar (blak lines) and supersolar (red lines). Models of Maraston &
Strömbäk 2011 [72℄, see Se. 3.4.
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Figure 2.9: Continued.
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Figure 2.10: Continued.
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element, even at moderate spetral resolution (i.e., R= 1000− 2000) and only in the
last years these measurements have been possible also on high-redshift galaxies (z
> 1).
More in details, many indies require higher S/N ratios (> 10) spetra to ap-
preiate, in very small spetral windows, the feature ux value with respet to the
ontinuum one. This is partiularly true for those indies related to weak absorption
lines, like many Iron lines mainly in the 5000 Å region. On the other hand, there
are also some indies dened on larger spetral windows, like the Mgwide and D4000,
that an be measured also on lower-quality spetra like those whih an be ahieved
when observing the high redshift Universe. Furthermore, in some luky ases (as
the one of COSMOS-307881 desribed in Chapter 6), the ombinations of indies
and the partiular extreme values of the parameters (e.g. the metalliity), allow to
get information also from spetra at S/N lower than those needed in the analysis of
galaxies in the loal Universe.
The quantitative measurement of the spetral indies has been performed by a
F77 ode whih omputes the integrals of eq. 2.3-2.4 in the index band-passes shown
in Table 2.1 on the observed spetrum ux de-redshifted to the restframe system. A
hek of possible noisy spikes in the spetrum ux is set in eah index measurements
in order to avoid spurious index values. In all the ases, thanks to the small number
of objets in the analysed sample, it has been possible to verify by eye the omputed
values of both feature and pseudoontinuum in eah index measure, thus feeling if it
were solid.
With the aim of omparing the index values with the previsions of stellar pop-
ulation models (see Chapter 3), it is important to take are of two aspets: the
instrumental spetral resolution of the analyzed spetrum and the intrinsi velo-
ity dispersion haraterizing elliptial galaxies. Both this two elements at on the
broadening of the absorption (and emission) lines being thus able to modify the index
values (with respet to the ones stritly related to the stellar population properties).
In some ases it an happens that the instrumental spetral resolution is so low that
the eet of the veloity dispersion is negligible (e.g. Chapter 5); indeed, the mea-
surement of the intrinsi veloity dispersion of the galaxies an be performed only on
spetra with suient high resolution, e.g. as in the ase of X-Shooter data (see Se.
4.3). To orret for these eets, I have reprodued them starting from a template
spetrum downgrading it with a IDL ode. This ode, at eah wavelength onvolves
the ux with a Gaussian kernel whose amplitude is onneted with the simulated
veloity dispersion (or resolution). Indies measured on the wide range downgraded
spetra allow to estimate the orretive fator (for eah index) to be applied on the
real index measurement before omparing them with model previsions. These orre-
tive fators slightly depend also on the stellar population parameters (in partiular
age), so this eet an be better orreted if the properties of the analysed stellar
population are known (at least within a narrow range of values).
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The analysis of the errors assoiated to the indies measurements has been per-
formed in two dierent, but onsistent, ways. The rst one onsists in the analytial
propagation of the errors on the basis of the instrumental errors derived from the ux
unertainties; and the seond one exploits the MonteCarlo simulations by means of
a numerial approah. This seond method will be desribed in the next Se. 2.4.1,
and it has been prinipally adopted in the works disussed in Chapters 6 and 7. In
all the ases, I have veried that both approahes lead to the same results.
If no other known systemati unertainties are present, the errors assoiated to
the measured indies are the propagation of the residual noise in the observed spe-
trum. The ux unertainties, whih depend on the wavelength range, are extrated
from the bidimensional spetrum in the data redution phase before the extration of
the monodimensional spetrum. The noise spetrum is extrated from the bidimen-
sional one from the same number of rows of the soure spetrum, in a physial region
away from the sienti objet. In this way, the noise spetrum represent the pure
residuals spetrum whih aets the sienti data, providing a tool for extrating at
eah wavelength the poissonian error of the orrespondent ux. One the ux error
is known, the well-known formula of the propagation of errors an be applied fol-
lowing the index denition. In this omputing, it is worthy to take into aount the
eet on the errors of all the manipulations done on the sienti spetrum after the
extration, as for example binning, onvolution, et... . In some ases, as desribed
for example in Chapter 5, for some indies, together with the poissonian errors, also
a further unertainty derived by the ux alibration proess, must be quadratially
added.
In all the tables showing the measured indies values, the errors are reported at
the 1σ level (Tables 5.3, 5.7, 6.2 and 7.3).
2.4.1 MonteCarlo simulations
An alternative and solid method to derive the unertainties of the measured indies
is following a MonteCarlo approah. It onsists on repeating the same index mea-
surement on a wide set (∼ 5000) of mok spetra, built on a basis of the observed
one with the adding of random noise. Measuring the same index on this wide sample
of mok spetra leads to the distribution of the possible index values, peaked to the
real mean value and with a standard deviation resulted from the original poissonian
noise.
Following this idea, I made a ode whih rstly uploads the original observed
spetrum and derives the values of the S/N ratios in dierent spetral regions (the
ones involved with the indies that are meant to be measured). The determination
of the noise level is done omparing the observed spetrum with a syntheti template
(with similar harateristis), and extrating the mean quadrati deviations from it.
One the S/N ratios are known, the ode starts generating mok spetra starting
from the observed and adding randomly at eah wavelength the respetive noise.
The results is a set of mok spetra of equal quality to the original observed one.
As last step, the ode performs the index measurements on all the obtained spetra.
36
2.4. MEASUREMENTS AND ERRORS
The result is the distribution of the index values from whih the program ompute
its standard deviation, i.e. the error of the measure.
As examples of this proess, in Fig. 2.11-2.12 are shown the distributions of two
measured spetral indies (taken from the analysis desribed in Chapter 6) with the
obtained mean values and standard deviations.
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Figure 2.11: Distributions of the values of Mgb obtained from 5000 mok spetra built on
the observed spetrum of COSMOS-307881 at z = 1.426 (see Chapter 6). Top panel: index
values for eah mok spetrum; bottom panel: distributions of the index values.
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Figure 2.12: Distributions of the values of G4300 obtained from 5000 mok spetra built
on the observed spetrum of COSMOS-307881 at z = 1.426 (see Chapter 6). Top panel:
index values for eah mok spetrum; bottom panel: distributions of the index values.
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The analysis of the properties of the galaxies stellar ontent, e.g. age and metalliity,
is usually based on the omparison between their spetro-photometri harateristis
and the expetations of stellar population synthesis models. Indeed, these models
are able to reprodue the observed spetrum basing on a set of initial parameters.
In this hapter it will be presented: i) a wide desription of these initial parameters
essential to the building of stellar population models; ii) how the models an be
adapted to the galaxies stellar population, in partiular to elliptial galaxies; iii) the
last setions are dediated to the desription of the two main and mostly used family
of models, the Bruzual and Charlot 2003 models [7℄ and Maraston et al. models
([69℄, [72℄ and [118℄).
3.1 Simple Stellar Population
The simplest modelling of a stellar population is the so-alled Simple Stellar Pop-
ulation (SSP), whih desribes a generation of stars formed at the same time and
from the same nebular loud; this population has thus the harateristi of being
homogeneous, that means that at eah xed age all stars of the model are oeval and
have the same metalliity.
The syntheti spetrum of a SSP is obtained by the stellar population synthesis
models by simply summing up all the spetra of its stars. The stars that ompose
the SSP as a funtion of the age and their relative number are expressed by the
so-alled isohrones.
In the following I will present all the parameters that must be xed in the stellar
population model in order to obtain the expeted SSP spetrum as a funtion of the
age.
• Isohrones. As already hinted, the spetrum of a stellar population is the sum
of the stellar spetra that, at eah epoh, ompose that generation of stars.
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Therefore the isohrones are a snapshot of the stellar population at a xed
age, indiating how many and whih stars are present at eah epoh. The
harateristi of the stellar spetra hange in every phase of their evolution,
and their mass is a fundamental parameter in determining their evolution; The
mass distribution of the stars born in a single star forming event is desribed
by the Initial Mass Funtion (IMF). The IMF will be desribed in the next
point.
• Initial Mass Funtion. The IMF is one of the fators that mostly determines
the evolution of the spetro-photometri harateristis of a stellar population.
Very massive stars (M > 2 M⊙) burn rapidly, leaving quikly (within less than
1 Gyr) the main sequene and in a short time they do not ontribute any more
to the total light of the stellar system. On the ontrary, low-mass stars (M <
1M⊙), burn very slowly and in the evolution of the SSP their ontribution to
the total radiation is predominant over the longer time-sales. The dierene
between high and low mass stars is visible also on their expeted spetrum;
indeed, high-mass stars have a predominant emission in the blue/ultraviolet
region, instead low-mass stars emit prinipally in the optial/infrared region.
Nowadays, the loal diret star ounts have shown that the IMF is approxi-
mately onstant throughout the disk of the Milky Way and it an be desribed
by two delining power laws
dN
dm
∝ m− s (3.1)
one with slope s ≃ 2.35 for stars with mass m > 1M⊙, as originally suggested
by Salpeter (1955) [99℄, and the other, atter, for lower masses stars (e.g.
Kroupa 2001 [50℄; Chabrier 2003 [12℄). This form, measured in the Milky
Way disk, is then assumed to be universal, i.e. invariant both throughout the
wide population of galaxies, and aross the osmi time. Nonetheless, both
theoretial arguments and reent observational evidenes ast strong doubts
on IMF universality (see Bastian et al. 2010 [3℄; Kroupa et al. 2013 [51℄,
for omplete reviews). At the same time, the lak of reliable information on
this parameter makes unavoidable an a-priori assumption of this important
ingredient in the stellar population models.
• Metalliity. An other parameter of the model is the metalliity of the initial
nebular loud from whih the stellar population has formed that strongly in-
uenes both the ontinuum shape and the depth of some absorption lines in
the resulting syntheti spetrum. In partiular, more metal stars have slightly
redder spetral ontinua than low metalliity stars. The net eet on the global
properties of a stellar population is that the inreasing metalliity produes the
reddening of its ontinuum. At the same time, as it will more lear in the next
hapters, the same eet is produed by the ageing of the stellar population
itself, ausing the well known age-metalliity degeneray.
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• Stellar library. The last ingredient for the onstrution of stellar population
synthesis models is the stellar library, a olletion of stellar spetra whih
o-added together following the model reipe will give the expeted stellar
population spetrum. The spetra olleted in these libraries an be both
theoretial and empirial (observed).
The spetra of theoretial stars are built for any ombination of the physial
stellar parameters, i.e. surfae temperature, hemial omposition and gravity,
on the basis of the stellar evolution theory. These theoretial spetra have
the advantage of well reproduing the spetral ontinuum, overing all the
wavelength range in whih stars emit their light. However, they are mostly
produed at low resolution, laking of all the spetral details whih annot be
properly reprodued.
An alternative is the use of stellar libraries of observed spetra, omposed by
spetra of real stars. In this ase, models are produed at high spetral resolu-
tion and thus inluding all the observed spetral features. The disadvantage of
these libraries is the lak of the total wavelength overage aused by unavoid-
able observational limits. Moreover, observed stellar spetra are not available
for all the parameters values, in partiular for extreme metalliity values.
3.2 Models for elliptial galaxies
The so far desribed simple stellar population model is an approximation of the
stellar populations in galaxies, whih are generally more omplex strutures. To
study the spetral properties of galaxies, the use of a modelling with a more omplex
star formation history is more appropriated.
In the stellar population synthesis models it is generally assumed a star formation
history with a Star Formation Rate (SFR) exponentially delining with a time-sale
τ :
SFR(t) = SFR0e−t/τ (3.2)
where SFR0 is the initial star formation rate. The longer is the time-sale τ , more
the star formation is spread on a wide period tending to a null SFR only for τ →∞.
On the ontrary, if the τ value is very small, the initial star formation event is very
short, reproduing the SSP for τ → 0.
The stellar population synthesis model, given the SFR(t) and the IMF(m), re-




SFR(t)SSSPλ (T − t)dt (3.3)





IMF (m)fλ(m, t′)dm (3.4)
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where the produt of IMF(m) times the monohromati ux of a star with initial
mass m and age t′ (fλ(m, t′)), is integrated over the orrespondent isohrone between
the minimum mass (Mmin) and the maximum one existing at the time t
′
(Mmax(t′)),
i.e. the maximum mass of stars in the evolutionary phase more advaned that still
signiantly ontributes to the total luminosity.
Typially, elliptial galaxies in the loal Universe are low SFR systems, i.e. pas-
sive systems omposed mainly by low-mass stars whih evolve slowly. The reent
detetion of quiesent elliptial galaxies also at high redshift (z > 1), suggests that
the star formation history of these systems is well desribed by an initial burst of star
formation at redshift z > 2− 3 followed by a rapid quenhing of the star formation,
i.e. well reprodued by small τ values. Indeed, the omparison with models shows
that data oming from elliptial galaxies are well desribed by τ < 1 Gyr.
3.3 BC03 models
One of the mostly used family of stellar population synthesis models is the last
published version of the Bruzual & Charlot 2003 models (BC03) [7℄. In this thesis,
these models have been used in the work desribed in Chapter 5, for the modelling of
the two measured spetral indies (D4000 and H+K(CaII)) and in the omparison
with the observed SEDs. Indeed, they provide the template spetra in a very wide
spetral range, from 91 to 1600000 Å, at very low resolution with the exeption of
the blue/optial region in whih a moderate resolution R = 1500− 2000 is available.
For this reason, in the other analysis disussed in Chapter 6 and 7, whih inlude
the measurements of UV indies, BC03 models ould not be used for most of the
omparison due to their too low resolution at wavelength below ∼ 3000 Å.
The BC03 models adopted within this thesis work are based on the following
assumptions:
• Isohrones. The isohrones are the Padova 2000 from Girardi et al. 2000 [32℄,
whih over the metalliity range Z = 0.0004 − 0.03.
• Initial mass funtion. The hosen IMF is the Chabrier [12℄, but when needed
it has been veried that the hoie of another IMF (e.g. Salpeter) would have
not hanged the obtained results.
• Metalliity. The allowed values of the stellar metalliity are in the range of
Z = 0.008 − 0.04, where the solar value is Z⊙ = 0.02. In many ases, galaxies
at high redshift have not seure metalliity estimate, so that the solar value is
a priori assumed (as it is the ase of Chapter 5).
• Stellar library. Among the available set of BC03 models, I have seleted those
based on an empirial stellar library, providing a high enough spetral reso-
lution (R = 2000) at least in the blue/optial spetral range. The used stel-
lar library is alled STELIB [56℄, and it has a spetral resolution of about
R = 2000 in the wavelength range 3200 − 9500 Å.
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Together with the standard BC03 models desribed above, as mentioned in Chap-
ter 5, I have introdued also another set of models, derived from the BC03 ones but
inluding the nebula emission omponents (Charlot & Longhetti 2001 [13℄). In par-
tiular, the emission ontribution is important for very young ages when the star
formation is still ative or reently dimmed. In Fig. 5.7 it will be presented the dif-
ferene between standard BC03 models and these emission models, where it an be
notied that this dierene arises only below 1 Gyr at least for τ < 1 Gyr. The main
spetral lines involved in the emission ontribution are: all the Balmer lines (Hα,
Hβ, Hγ, Hδ, Hǫ et...), OII(λ3727), OIII(λ5007), NII(λ6583), SII(λλ6717,6731),
et... . In Chapter 5, the emission line that will be partiularly exploited is that of
the Hǫ line blended with the Ca(H) line, whih will be of fundamental importane to
detet the presene of a seond younger omponent in the stellar ontent of ETGs.
3.4 Maraston models
The seond family of models used in this work is that of Maraston & Strömbäk
2011 [72℄ and Thomas, Maraston and Johansson (TMJ) [118℄ (all based on the rst
version desribed in Maraston 2005 [69℄). One of the advantages of dealing with
these models is that they provide the template spetra overing also the UV region
at high resolution.
In the following I present all the ingredients at the basis of the Maraston &
Strömbäk 2011 models:
• Isohrones. These evolutionary population synthesis models assume a stellar
evolution presription, based on the isohrones and stellar traks by Cassisi,
Castellani & Castellani (1997) [11℄ for ages larger than ∼ 30 Myr and by
Shaller et al. (1992) [108℄ for younger populations. Sets of models have been
also omputed with the Padova 2000 isohrones (as before, [32℄).
• Initial mass funtion. All these models are based both on a Salpeter [99℄ and
Kroupa [50℄ IMF. For the purpose of this thesis, I have assumed a Salpeter
IMF.
• Metalliity. For the assumed stellar library (see next point), the available
values of the metalliity are: Z= 0.01, 0.02, 0.04. The number of available ages
depends on the metalliity: 31 for subsolar, 47 for solar and 22 for supersolar
metalliity.
• Stellar library. This set of models inludes templates based on many stellar
libraries (both empirial and theoretial). The four popular libraries of em-
pirial stellar spetra, are those of Pikles, ELODIE [95℄, STELIB [56℄ and
MILES [100℄, all at intermediate resolution around R = 2000. Models at very
high spetral resolution (R = 20000) are provided based on the MARCS li-
brary. For the purpose of this work, the seleted models are those based on the
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MILES library, providing a FWHM= 2.54 Å in the spetral range 3500− 7430
Å, and extended in the UV region by means of a onatenation with the SSP
models of Maraston et al. (2009a) [70℄, whih are based on the fully theoretial
UVBLUE/Kuruz library [52℄ at high-resolution (R = 10000) in the region
between 1000 − 4700 Å.
The main dierene between BC03 and Maraston models is the method applied
to ompute the SSPs. Indeed, there are two tehniques whih dier depending on the
integration variable adopted in the post main sequene evolutionary phase: isohrone
synthesis and fuel-onsumption-based algorithms. In the rst one, the properties of
the stellar population are omputed by integrating the ontributions to the ux in
the various passbands of all mass bins along the isohrone, assuming a spei IMF.
Usually, isohrones are alulated until the end of the early asymptoti giant branh
phase. Later stellar phases, like the thermally pulsing asymptoti giant branh,
are added following individual reipes. On the other hand, in the fuel-onsumption
approah, the integration variable in the post main sequene is the so-alled fuel, that
is the amount of Hydrogen and/or Helium that is onsumed via burning during eah
phase. The advantages of this seond method are that the fuel as integration variable
is very stable beause it is diretly proportional to the ontributions of the various
phases to the total luminosity; and, very important, that there are several relevant
stellar phases (blue horizontal branh, thermally pulsing asymptoti giant branh,
very old stars...) whose theoretial modelling is unertain beause of mass loss and
for whih omplete stellar traks are not available. This approah provides useful
analytial relations that link the main sequene to the post main sequene evolution,
by means of whih one an inlude into the synthesis the energy ontribution of these
unertain phases (Maraston 2005 [69℄). BC03 models follow the rst path, while all
the Maraston models the seond one.
The onsequene of following these two dierent approahes an be appreiated
mainly in the resulting shape of the ontinuum in the red wavelength region and
for stellar population younger than 2 Gyr, prinipally aeting the analysis of the
whole SEDs, whih thus results to be model-dependent. The two models dier also
in the expeted values of some indies, even if the eet is less dramati than for the
ontinuum. In Fig. 3.1 an example of the behaviour of the two analyzed spetral
indies (H+K(CaII) and D4000) in both models (Maraston with blak line and BC03
with red line) is shown. As delared also in Chapter 5, dierenes in the indies values
between the two models do exist, but the disrepanies are well within the error bars
obtained for the high-z sample.
3.4.1 TMJ models
Even if based on the Maraston models, some more details on the Thomas, Maraston
and Johansson 2011 (TMJ) [118℄ models are needed beause these models will be
widely used in the works of Chapter 6 and 7, and mainly beause they ontain a
further ingredient very important for the purposes of this thesis. This new element is
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Figure 3.1: Comparison between Maraston & Strömbäk 2011 (MA11 (MILES)) models
(blak line) and BC03 models (red line) for the expetations of H+K(CaII) and D4000
index values.
the dependene of the expeted spetrum of a stellar population on a variable element
abundane ratio. The information enlosed in the element abundane balane is a
key point in the study of stellar population properties, in partiular of high-z ETGs.
Indeed, as it will be explained in Chapter 6, the α/Fe ratio (alled α-enhanement)
is related to the time-sale of the star formation. Thus obtaining this information on
the hemial ontent of ETGs, leads to information on how the formation of these
systems has ourred.
The TMJ models are based on the evolutionary synthesis ode of Maraston 2005
[69℄, with Cassisi et al. 1997 [11℄ stellar evolutionary traks, Salpeter IMF, and the
MILES stellar library. The explored metalliity values are wider with respet to
the other models, in partiular: [Z/H℄ = −2.25,−1.35,−0.33, 0.0, 0.35, 0.67 (where
the notation [Z/H℄ means the logarithmi ratio between the metalliity value Z and
the referene solar value Z⊙). While the allowed α-enhanement values are [α/Fe℄
= −0.3, 0.0, 0.3, 0.5 (again [α/Fe℄ means the logarithmi ratio between the α-elements
on Fe peak elements balane and the referene solar value of the α-enhanement).
These models provide diretly the values of all the Lik/IDS absorption-line in-
dies (see Se. 2.2) for dierent abundane elements ratio, negleting the behaviour
of the stellar ontinuum. Indeed, dierently from the other desribed models, they
do not provide the template SED of eah parameters ombination, but they are fo-
used only on the optial absorption features. In partiular, Lik absorption-line
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indies have been omputed through their empirial alibrations as a funtion of
eah stellar parameters ombination. In this widely adopted approah, rst of all
absorption-line indies are measured on the stellar spetra of an empirial library,
then analytial dependene of these indies values from stellar parameters are derived
(tting funtions), whih are then inluded in the evolutionary population synthesis
ode (Thomas, Maraston and Johansson 2011 [118℄). More in details, in the work of
Thomas, Maraston and Johansson 2011, the authors have alulated new empirial
tting funtions for the 25 optial Lik absorption-line indies based on the new
stellar library MILES [100℄, so in the TMJ models Lik indies are available at the
higher spetral resolution of 2.5 Å (FWHM) and ux alibrated. This advantage al-
lows to ompare diretly the Lik indies values measured on observed ux alibrated




Most of the work desribed in this thesis is based on the information extrated by
spetrosopi data of very distant objets. Spetra of galaxies ontain the preious
informations detailed in the previous hapter, and oer the possibility to derive
details on their stellar ontent. At the same time, obtaining high S/N spetra of
high redshift galaxies is very time demanding. Indeed, in order to reah high signal
to noise ratios (S/N) of z > 1 galaxies, very long exposure time (t ≥ 5 hours) and very
large ground based telesopes (D ≥ 8 m) are required. And despite the aquisition
of many hours of exposure, faint objets spetra remain mostly dominated by the
residual sky emission (see Fig. 4.6).
An important parameter haraterizing the spetrosopi data is the spetral
resolution ombined with the dispersion. The spetral resolution R = ∆λ/λ (where
∆λ is the FWHM in Å of a line as will be obtain through the instrument, and λ is
the wavelength of the line itself) represents how muh lose an be two lines and/or
features to be disriminated as separate lines. The spetral dispersion quanties the
wavelength range involved in one detetor pixel. The two quantities are related eah
other, being the spetral bin small enough that ∆λ = 6−8 pixels. When dealing with
high redshift galaxies, resolution, and onsequently the spetral dispersion, is usually
seleted to be not very high (i.e., R = 1000−3000) helping to obtain high S/N. At the
same time, higher resolution spetra (i.e., R > 5000) is sometime adopted in order to
obtain a better denition of the sky emission lines whih an be onsequently better
subtrated from the objet bakground.
All the data redution proess in ase of distant galaxies must be aomplished
with extreme are, starting from the raw bidimensional spetrum to the monodimen-
sional alibrated one. In partiular the main steps are:
• Residuals removing suh as osmi rays, dark pixels, CCD defets...;




CHAPTER 4. SPECTROSCOPIC DATA
Figure 4.1: Shemati view of FORS instruments.
• Monodimensional spetrum extration;
• Flux alibration (by means of standard stars).
The spetrosopi data used in the works of Chapters 5, 6 and 7 ome all from
one of the largest world telesopes, i.e. the Very Large Telesope (VLT) of ESO
(European Southern Observatory) at Paranal (Chile), but from three dierent spe-
trographs. The work of Chapter 5 exploits the optial data oming from FORS2
(Se. 4.1) and VIMOS (Se. 4.2) and the other two works those oming from one of
the most eient spetrograph, X-Shooter (Se. 4.3). Next setions are dediated
to the detailed desriptions of these instruments.
4.1 FORS
FORS is the visual and near-UV FOal Reduer and low dispersion Spetrograph
at the VLT (see Fig.4.1) and it is designed as an all-dioptri instrument for the
wavelength range 3300− 11000 Å. Two versions of FORS have been built, upgraded
and moved to dierent telesopes in the past years, alled FORS1 and FORS2. In
2009, FORS1 was dismounted so only FORS2 is now in operation. Indeed, the
FORS1 observations analysed in Chapter 5 have been arried out before 2002.
FORS1 has been used for our purposes in Chapter 5 in the MOS mode, i.e. Multi-
Objet Spetrosopy with Movable Slitlet. In this onguration up to 19 objets an
be observed simultaneously by means of slitlets whih are formed eah by two blades
mounted on opposite arriers. The slitlets an be moved by linear guides to any

















Figure 4.2: Example of raw spetrosopi data from a multi-objet mask of FORS2. The
horizontal axis is the dispersion diretion and dierent rows are bidimensional spetra of
dierent soures. Red squares indiate the physial position of the slit during the observa-
tion.
width an be adjusted by the user. By ombining the linear positioning of the slitlets
in the foal area with a rotation of the FORS instrument around its optial axis a
wide variety of objet ongurations an be realized.
FORS2 works in many modes inluding the MXU mode, i.e. Multi-Objet Spe-
trosopy with Exhangeable Masks. The MXU mode allows to get the spetra of
many soures in the same exposure time thanks to user-designed masks omposed
by many slits. These masks are inserted in the foal plane of the telesope after
being ut by a laser mahine that an shape slit with dierent length, width and
shape. Up to 10 masks an be mounted in a mask unit inside the instrument and
eah mask an have up to 470 slits, depending on the grism and lter used. The
spetrosopi data exploited in this work made use of this mode, and an example of
an image obtained with this instrument is shown in Fig. 4.2; the dispersion diretion
is the x-axis and in eah horizontal row the physial position of the slit an be seen,
highlighted by red squares.
4.2 VIMOS
VIMOS is a visible (3600−10000 Å) wide eld imager and multi-objet spetrograph
mounted on the Nasmyth fous of UT3 (Melipal)(Fig. 4.3). The instrument is made
of four idential arms with eah a eld of view of 7′x8′ with a 0.205” pixel size. Eah
arm is equipped with 6 grisms providing a spetral resolution range ∼ 200−2500 and
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Figure 4.3: Shemati view of VIMOS instruments.
Figure 4.4: Shemati view of X-Shooter instruments.
with a CCD of 4kx2k. VIMOS operates in three dierent modes: Imaging (IMG),
Multi-Objet Spetrosopy (MOS), and with Integral Field Unit (IFU). Again, my
data have been aquired in the MOS mode (see Chapter 5).
4.3 X-Shooter
X-Shooter is a multi wavelength (3000 − 25000 Å) medium resolution spetrograph
mounted at the UT2(-UT3) Cassegrain fous at VLT (see Fig.4.4). The great advan-
tage of this instrument is its apability of aquiring in a single exposure the soure's
spetrum on a very wide spetral window (wider than those provided by the other
mostly used spetrographs, like FORS and VIMOS, previous Se. 4.1 and 4.2). In-
deed, it onsists of 3 independent spetrosopi arms (UVB, VIS and NIR), eah
with optimized optis, dispersive elements and detetors:
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Figure 4.5: Raw data from the three spetrosopi arms of X-Shooter: UVB (upper panel),
VIS (middle panel) and NIR (bottom panel).
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UVB, overing the wavelength range 300− 559.5 nm
VIS, overing the wavelength range 559.5 − 1024 nm
NIR, overing the wavelength range 1024 − 2480 nm
Eah arm is an independent ross dispersed Ehelle spetrograph ompleted with
its own shutter and/or slit mask. In partiular, an Ehelle spetrograph disperses
the light in two perpendiular diretions, onsequently it an be designed to give
simultaneously high spetral resolution and large spetral band-pass. In this way
the spetral orders are physially separated on the CCD area, as it an be seen in
Fig. 4.5: eah horizontal line is the bidimensional spetrum of eah spetral order,
from the redder orders on the top to the bluer orders on the bottom.
The inoming light is split into the three dierent spetrographs/arms through
2 dihrois (ut o wavelengths of 5595 Å and 10240 Å for the separation of the
UVB-VIS light and VIS-NIR light, respetively). For eah arm the spetral format
is xed. The orders in eah detetor are highly urved and the sky/ar lines within
eah order are highly tilted, as it an be seen again in Fig. 4.5. Three piezo ontrolled
mirrors, loated in front of eah arm, guarantee that the optial path is maintained
aligned against instrument exure and orret for dierential atmospheri refration
between the telesope guiding wavelength and eah arm entral wavelength. The
Aquisition and Guiding system onsists of a 1.5′x1.5′ FoV tehnial CCD for the
target aquisition. The ve positions slide, loated before the UVB, VIS and NIR
spetrograph, allows to insert an image slier in the optial path and perform IFU
spetrosopy of a 1.8”x4” FoV. IFU mode observations are an alternative to slit
mode observations, but I will fous only on the slit mode sine it has been used in
the works desribed in Chapters 6 and 7. An internal alibration unit, equipped with
[Ar, He, Neand Xe℄, Th-Ar, Halogen and D2 lamps, is used to produe the neessary
alibration frames (ats, ars, order denition, et...) for the data redution.
The redution proess of the data obtained with X-Shooter is slightly dierent
from the standard one adopted for examples for FORS and VIMOS data. Indeed, as
just mentioned, raw data appear in a very ompliated onguration, with urved
and separated spetral orders from whih the light must be olleted to obtain the
integrated single bidimensional spetrum. One this single bidimensional spetrum is
obtained, thanks to the merging of the separated orders, the standard data redution
analysis an be performed, taking are of the higher spetral resolution of X-Shooter
and of its wider spetral range. These rst deliate steps of the data redution an
be performed thanks to the ESO pipeline for the X-Shooter data redution, applied
individually on UVB, VIS and NIR. Atually, the pipeline is able to perform all the
data redution hain, until the prodution of the nal monodimensional spetrum,
but in the works desribed in Chapters 6 and 7, only the rst steps made use of the
pipeline and all the other parts of the proess have been performed by hands using
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Figure 4.6: Partiular of raw data from the VIS spetrosopi arm of X-Shooter. The
vertial light olour lines (in the dispersion diretion) are the soure in the dierent spetral
order split by the ehelle onguration of X-Shooter. Instead horizontal light olour lines
are the bright sky lines emissions.
IRAF tools. Indeed, in that works the soures are very faint due to their high redshift,
and most of the work in this ase is to extrat more signal as possible from the noisy
sky residuals (see Fig. 4.6 for a onrete example).
A onrete example of dealing with X-Shooter data an be found in Chapters 6
and 7, where the results of the data redution, i.e. the monodimensional spetra,
will be presented (see Fig. 6.1 and 7.1-7.4).
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In the following hapters (5, 6, 7), the most important results obtained from the
exploitation of the available high-quality spetrosopi data by means of all the tools
I have desribed in the previous hapters, i.e. spetral indies (Chapter 2) and stellar
population synthesis models (Chapter 3), are presented.
As it will be lear in the reading, this kind of spetrosopi analysis of z > 1 ETGs
is hallenging beause of the inevitable lower quality of the data with respet to those
used in the same analysis in the loal Universe. To ompensate for this diulty,
it has been neessary to use appropriate strategies in the analysis, like for examples
using peuliar sets of indies, to onstraints the stellar population parameters as age
and metalliity. The obtained solid results open the way to this kind of analysis and
to further investigations on the stellar ontent of the most distant ETGs.
These works have been published on the astronomial journal Monthly Noties
of the Royal Astronomial Soiety (MNRAS):
• Lonoe et al. 2014: Spetral detetion of multiple stellar populations in z ∼ 1
early-type galaxies. [63℄
• Lonoe et al. 2015: Old age and super-solar metalliity in a massive z ∼ 1.4
early-type galaxy from VLT/X-Shooter spetrosopy. [64℄




Evidene of multiple stellar
populations in z ∼ 1 ETGs
In this hapter it will be desribed a spetrosopi analysis based on measurements
of the two mainly age-dependent spetrophotometri indies in the 4000Å rest frame
region, i.e. H+K(CaII) and D4000, for a sample of 15 early-type galaxies (ETGs)
at 0.7 < zspec < 1.1, morphologially seleted in the GOODS-South eld.
The important goal to be reahed through the analysis of the stellar population
properties of galaxies observed at z ∼ 1 in their ritial state of evolution, is to
understand if all of their stars are oeval and still passively evolving, as they are
usually modelled with zform > 2 − 3 (Renzini 2006 [96℄), or there are some piees
of evidene of later star forming episodes or minor merging events whih led to
omposite stellar populations already at z ∼ 1.
The hidden omplexity of the star formation history of ETGs has been revealed
by many works on loal ETGs (Coato et al. 2010 [18℄, Panuzzo et al. 2011 [85℄,
Kaviraj et al. 2012 [44℄, Roa-Volmerange et al. 2013 [97℄), and at intermediate red-
shift (Treu et al. 2002 [122℄), where dierent kinds of signature suggest that elliptial
galaxies have possibly undergone rejuvenation episodes in their reent history. Also
at high redshift, with both arhaeologial and diret measurements, the neessity
of introduing multiple stellar populations, with dierent stellar properties, in their
modelling has been found (Gargiulo et al. 2012 [31℄, Huang et al. 2013 [37℄). The
main stellar properties involved in the disrimination of stellar omponents are age
and metalliity. However, age is surely the rst stellar parameter whih should be
investigated on high-z ETGs. In fat, diret spetrosopi measurements of stellar
metalliity on high-z ETGs are still a hard issue (as disussed in Chapters 6 and
7); moreover, Gargiulo et al. 2012 [31℄ found that age gradients are neessary to
reprodue the majority of the observed high-z olour gradients.
Coexistent dierent stellar populations in ETGs are expeted from the theoretial
models on galaxy formation and evolution: minor mergers and small aretion events
instead of major mergers, in fat, are predited to be frequent until z = 0 (Naab et
al. 2009 [80℄, Oser et al. 2010, 2012 [83℄, [84℄). This inside out formation senario,
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however, predits that for high mass galaxies, areted stars have been formed in
the same epoh of in situ stars (Oser et al. 2010 [83℄), assembling thus omposite
stellar populations of rather oeval stellar ontent, though the minor mergers have
ourred at dierent times.
So the attention now should be foused on nding some observables whih allow
one to understand how homogeneous are the stellar populations of elliptial galaxies
and how important are the mass fration and the age of the areted stars. A
spetrosopi analysis on a sample of high-z ETGs reveals preious details on their
stellar properties, shedding light on the omposition of the stellar populations of
galaxies in their earlier phases of evolution. Previously, other pioneer works (Onodera
et al. 2012 [81℄, Jorgensen & Chibouas [40℄) have been devoted to the analysis of
spetrosopi high-z data, revealing many dierenes in the stellar properties of z > 1
objets with respet to loal ETGs, suh as the presene of extreme values of spetral
indies not foreseen by models (Onodera et al. 2012 [81℄).
In this spetrosopi analysis of a small sample of ETGs based on some of the
rst high quality optial spetrosopi data at z ∼ 1, I found that ages derived
from the two dierent indies by means of the omparison with stellar population
synthesis models, are not onsistent with eah other for at least 9 galaxies (60% of
the sample), while for the remaining 6 galaxies, the ages derived from their global
spetral energy distribution (SED) tting are not onsistent with those derived from
the two indies. I then hypothesized that the stellar ontent of many galaxies is
made of two stellar omponents with dierent ages. The double-omponent analysis,
as it will be desribed in the following setions, performed by taking into aount
both the index values and the observed SED, fully explains the observational data
and improves the results of the standard one-omponent SED tting in 9 out of the
15 objets, i.e. those for whih the two indies point towards two dierent ages.
In all of them, the bulk of the mass belongs to rather evolved stars, while a small
mass fration is many Gyr younger. In some ases, thanks to the sensitivity of the
H+K(CaII) index, it is found that the minor younger omponent reveals signs of
reent star formation. The distribution of the ages of the younger stellar omponents
appears uniformly in time and this suggests that small amounts of star formation
ould be ommon during the evolution of high-z ETGs. It is argued the possibility
that these new star formation episodes ould be frequently triggered by internal
auses due to the presene of small gas reservoir.
5.1 The sample and the spetrosopi data
The sample onsists of 15 ETGs at 0.7 < zspec < 1.1 morphologially seleted from
a atalogue omplete to K ≃ 22 (Tamburri et al. 2014 [113℄), in the southern eld
of the Great Observatories Origins Deep Survey (GOODS-South v2). The seletion
riterion of this sample was basially the availability of suient high-quality (S/N
> 5) spetrosopi data to perform the measurements of the main spetrophotometri
indies in the 4000Å break region, whih is the aim of this analysis. Thus, starting
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from the omplete sample of 196 morphologially seleted ETGs with K < 22, only
15 ould provide a high-S/N spetrum suitable for the present study.
All the seleted galaxies have the 14 bands GOODS-South survey overage (San-
tini et al. 2009 [102℄): deep optial images taken from four Hubble Spae Telesope-
Advane Camera for Surveys band-passes (F435W , F606W , F775W and F850LP );
photometri data provided by extensive observations of European Southern Obser-
vatory (ESO) telesopes both in the optial (three U -band lters) and in the near-
Infrared (J , H and K lters), and by the four Spitzer-Infrared Array Camera bands
(3.6, 4.5, 5.8 and 8.0µm).
Thanks to these multiwavelength data I was able to perform the global SED
tting of all the galaxies of the sample in order to extrat the global stellar population
properties. The SED tting proess was arried out assuming the stellar population
synthesis model of Bruzual and Charlot (Se. 3.3) with a Chabrier initial mass
funtion (IMF). I adopted star formation histories with ve exponentially delining
star formation rates with e-folding time τ =[0.1, 0.3, 0.4, 0.6, 1.0℄ Gyr and assumed
solar metalliity Z = 0.020. Dust extintion, following Calzetti et al. 2000 [8℄, was
applied in the range 0 < Av < 2 mag. In Table 5.1, the stellar parameters obtained
from the SED tting of the 15 ETGs are reported: photometri ages Agephot of
the stellar populations, dust extintion Av, stellar masses M∗ and star formation
time-sale τ .
For ve objets out of the whole sample (those at the highest spetral resolution)
the veloity dispersion measures are from the work of van der Wel et al. 2005 [128℄.
Furthermore, 7 out of the 15 target galaxies (those at z > 0.9) are inluded in the
omplete sample of the GOODS-South eld ETGs at z > 0.9 of Sarao et al. 2010
[106℄.
5.1.1 Spetrosopi data
As already mentioned, this sample of ETGs was olleted following the availability
of high-S/N optial spetra in the GOODS-South eld for galaxies morphologially
onrmed as ETGs at z ∼ 1. These high-quality spetra ome from three dierent
observing ampaigns: one summarized in Mignoli et al. 2005 ([78℄, K20 survey), one
in Popesso et al. 2009 [94℄ and one in van der Wel et al. 2005 [128℄. I ould not use
spetra oming from the VLT/FORS2 spetrosopi ampaign in the GOODS-South
eld reported in Vanzella et al. 2005, 2008 ([131℄, [132℄), beause observations have
been made without the ut order lter OG590+32, so they have not a solid ontinuum
shape alibration neessary for the measurement in partiular of the D4000 index.
The K20 survey is a near-Infrared-seleted redshift survey targeting galaxies
(Ks < 20, Vega system) in two elds, one of whih has been later inluded in the
GOODS-South area. From this preious data base of publi galaxy spetra, I have
searhed for the highest S/N spetra of z ≥ 0.7 ETGs in the 4000Å break region rest
frame. 8 ETGs have been nally extrated in the redshift range 0.73 < z < 1.2. Spe-
trosopi observations of these objets ome from VLT-FORS1 in MOS mode and
VLT-FORS2 in MXU mode (multi-objet spetrosopy with exhangeable masks),
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Table 5.1: Sample of 15 ETGs. Data extrated from photometri analysis: stellar popu-
lation age (Aphot), dust extintion (Av), logarithm of the stellar mass (log(M∗)) and star
formation time-sale (τ). σ is the veloity dispersion measured by van der Wel et al. 2005
[128℄. Units of right asension are hour, minutes and seonds, and unites of delination are
degrees, arminutes and arseonds.
ID RA De zspec Agephot Av log(M∗) τ σ
(Gyr) (mag) (M⊙) (Gyr) (km s−1)
1192
a
3:32:25.16 -27:54:50.1 1.089 0.7 1.0 11.01 0.1 231±15
1382
a
3:32:22.93 -27:54:34.3 0.964 1.4 0.4 11.08 0.1 200±9
1950
a
3:32:26.29 -27:54:05.0 1.044 1.9 0.3 10.75 0.3 300±30
1837
a
3:32:19.29 -27:54:06.1 0.964 3.0 0.4 11.40 0.4 336±18
2694
a
3:32:31.37 -27:53:19.1 1.135 2.5 0.3 11.40 0.3 232±19
9066
a
3:32:33.06 -27:48:07.5 1.188 2.0 0.6 10.58 0.3 -
11539
a
3:32:37.19 -27:46:08.1 1.096 2.3 0.5 11.42 0.3 -
10020 3:32:15.81 -27:47:13.6 0.738 1.8 0.5 10.85 0.3 -
10960 3:32:19.24 -27:46:32.2 0.737 2.4 0.3 10.76 0.3 -
11225 3:32:14.44 -27:46:24.5 0.736 1.4 0.2 10.22 0.1 -
9792 3:32:18.01 -27:47:18.6 0.734 3.25 0.5 11.58 0.4 -
13386 3:32:17.49 -27:44:36.7 0.734 1.7 0.3 10.31 0.3 -
9838 3:32:17.94 -27:47:21.5 0.732 3.25 0.2 11.08 0.4 -
17044 3:32:37.38 -27:41:26.2 0.672 3.25 0.1 11.21 0.4 -
7424 3:32:39.54 -27:49:28.4 0.669 2.6 0.2 10.54 0.4 -
a
objets belonging to 34 ETGs of Sarao et al. 2010 [106℄.
with a set of grisms 150I, 200I and 300I providing dispersion of 5.5, 3.9 and 2.6
Å/pixel and spetral resolution of R = 260, 380 and 660 respetively. The observa-
tion period of the K20 spetrosopi survey was onned in 20 nights during four
years (1999-2000, 2002).
The next soure of optial spetra was the seond ampaign of the ESO-GOODS
spetrosopi programme operated with VLT-VIMOS (VIsible MultiObjet Spetro-
graph) and reported in Popesso et al. 2009 [94℄. From the thousands of available
spetra I have looked for the ones with longer exposure time (exp-time > 5h) in order
to reah the highest S/N for z > 0.7 ETGs. Moreover, my searhing has been foused
only on median resolution (MR - resolution R = 580, dispersion 2.5Å/pixel) grism
data, neessary to perform the measurements of the spetrophotometri indies. I
found only 2 suitable objets in the redshift range z ∼ 0.7 − 1.0. Observations were
arried on during the winter of 2004-2005 for both objets.
Finally, the last 5 objets of this sample were analysed by means of the optial
spetra oming from observations performed by van der Wel et al. 2005 [128℄ with
FORS2 in MXU mode on VLT telesope. They used the GRIS-600z grism together
with the OG590 order separation lter, with a resolution of R ∼ 1390, that led to
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Table 5.2: Information about the spetrosopi data used in this work: spetrosopi
instrument, grism, dispersion, resolution and the observing run.
ID Instrument Grism Dispersion Resolution Observing run
(Å/pixel)
1192 VLT-FORS2 600z 1.6 1390 van der Wel et al. 2005 [128℄
1382 VLT-FORS2 600z 1.6 1390 van der Wel et al. 2005 [128℄
1950 VLT-FORS2 600z 1.6 1390 van der Wel et al. 2005 [128℄
1837 VLT-FORS2 600z 1.6 1390 van der Wel et al. 2005 [128℄
2694 VLT-FORS2 600z 1.6 1390 van der Wel et al. 2005 [128℄
9066 VLT-FORS2 300I 2.6 660 Mignoli et al. 2005 [78℄
11539 VLT-FORS2 200I 3.9 380 Mignoli et al. 2005 [78℄
10020 VLT-FORS1 150I 5.5 260 Mignoli et al. 2005 [78℄
10960 VLT-FORS2 150I 5.5 260 Mignoli et al. 2005 [78℄
11225 VLT-FORS2 200I 3.9 380 Mignoli et al. 2005 [78℄
9792 VLT-FORS1 150I 5.5 260 Mignoli et al. 2005 [78℄
13386 VLT-FORS2 200I 3.9 380 Mignoli et al. 2005 [78℄
9838 VLT-FORS1 150I 5.5 260 Mignoli et al. 2005 [78℄
17044 VLT-VIMOS MR 2.5 580 Popesso et al. 2009 [94℄
7424 VLT-VIMOS MR 2.5 580 Popesso et al. 2009 [94℄
a binned spetral dispersion of 1.6 Å/pixel and a wavelength overage from about
6500 to 11000Å (that means around the spetral region of the Balmer/4000Å break
for galaxies at z ∼ 1). The observations of the 5 objets were arried out in the
period from 2002 September to 2003 Marh, with a mean exposure time of about 11
h for objet.
All the details of the spetrosopi data are summarized in Table 5.2.
5.1.2 Data redution
Spetra oming from Popesso et al. 2009 [94℄ and an der Wel et al. 2005 [128℄
have been redued starting from raw observed data. For K20-survey spetra, I used
diretly the redued online material (from Vizier: K20 survey: spetrosopi at-
alogue Mignoli et al. 2005). Standard spetral data redution has been applied
using IRAF software tools. Partiular are has been devoted to the relative spetral
ux alibration, whih has been ahieved using spetrophotometri standard stars
observed in the same nights of the targets; in partiular, for VLT-FORS2 data (an
der Wel et al. 2005 [128℄), I took the mean sensitivity funtion built with standard
stars of dierent spetral type, whih reveal small intrinsi dierenes in their shape.
Moreover, still with the aim of obtaining the best ontinuum shape alibration nees-
sary for a solid measure of spetral indies, I applied a further ontinuum alibration
on the VLT-FORS2 spetra: indeed I noted a systemati distortion of the spetrum
shape for objets whose slits are shifted with respet to the entral position, along
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the dispersion diretion. The amount of the ux distortion is proportional to the
distane of the slit from the entral position and, in the partiular ase of these
VLT-FORS2 objets, the maximum oset slit position leads to a variation up to
about 30% of the ux. I orreted for this further distortion using at-eld lamp
spetra as standard spetral soures, available for all the slits. The ratio between the
wavelength-alibrated at-eld spetrum obtained in a entral position and the one
obtained through eah slit in oset position has been used for this further orretion.
The nal hek of the obtained ontinuum shape auray in the spetral region in-
volved in the measure of the hosen spetrophotometri indies, was to overlap the
nal 1D spetra with the photometri points in the optial bands. The agreement is
reahed within 1-σ error from the photometri points.
Redued monodimensional spetra of the whole sample are shown in Figure 5.1
together with the prinipal absorption lines in the region of 4000Å rest frame.
5.2 Analysis
As it an be seen in Figure 5.1, many absorption lines typial of the stellar at-
mospheres an be identied in the optial spetra of this seleted sample: Balmer
series, BL3580, CN, CaII(H,K), Gband. I have taken advantage of the quality of this
sample of spetra of ETGs in order to analyse the main properties of their stellar
populations, in partiular the age of their stellar ontent.
I measured D4000 and H+K(CaII) indies (Se. 2) on the spetra of this sample
of ETGs, and results are reported in Table 5.3. The hoie of measuring the values
of these two spetrophotometri indies was supported by their intrinsi peuliarities
as already disussed in Se.2. In fat, these indies not only are strongly dependent
on stellar population's age variations, mainly for ages less than 6-7 Gyr whih is
about the age of Universe at z ∼ 1, but they also present preious dierenes whih
have made their ombined measure very interesting. It is worthy to note that the
measure of the H+K(CaII) index is sensitive to the spetral resolution of the spetral
data (Longhetti et al. 1999 [59℄), and I have taken this into aount when omparing
measures with models. Indeed, eah measure performed on the spetra was orreted
by the orresponding fator whih brings the index value as it was measured on a
spetrum with the higher resolution of models. In order to obtain these orretion
fators, I have degraded the spetrum of a referene template, with the original
resolution full width at half-maximum (FWHM)= 3 Å (in the spetral range 3000−
5000 Å rest frame), to the lower resolutions of the observed spetra. I derived the
orretion fators by dividing the index values measured on the degraded spetra
by those measured on the referene template. These orretion fators derease
the index values up to about 5% of their measured values in the ase of the lower
resolution grism (R= 260).
Furthermore, as already disussed in Se. 2.4, the broadening of the absorption
lines due to the intrinsi veloity dispersion of galaxies aets the measure of this
index. I thus orreted the raw H+K(CaII) index measures obtained on the ve
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Figure 5.1: Spetra of the sample galaxies with the main absorption lines in the region of
the Balmer/4000Å break. Information about the spetrosopi data is shown in Table 5.2.
Spetra are shown in bins spanning from 2.5 to 8 Å.
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ETGs observed at the highest spetral resolution (van der Wel et al. 2005 [128℄)
for this eet, reporting them to the ase of null veloity dispersion. I followed
the same proedure as for the resolution orretion: taking a referene template
spetrum whih has the same spetral resolution of van der Wel et al. 2005 [128℄
data, I enlarged their spetral lines onvolving them with a Gaussian urve with
dierent σ in order to simulate the eet of the veloity dispersion. I measured the
H+K(CaII) index values for eah value of the applied veloity dispersion and derived
the orretion fators to be applied to the index measurements. The orretion
fators were found to be rather small and well within the error bars. In partiular,
for three objets the orretion was within 2% of the measured value, and for the
other two objets it was about 4%. For all the other 10 ETGs of the sample, the
lower spetral resolution of their observations prevents to appreiate the latter eet,
being muh larger than the broadening aused by the resolution itself. Indeed, I
have veried that for the medium-resolution spetra (Popesso et al. 2009 [94℄), the
orresponding orretion fators, assuming a typial veloity dispersion of 250 km/s,
would be less than 1% of the measured index values.
Errors have been omputed from the unertainties in the measures of uxes and
in the ux alibration (Se. 2.4). In partiular, I have estimated the values of S/N
ratios in the two spetral regions involved in the indies denitions (i.e. 3750−4000Å
and 4050−4250Å) whih represent the statistial errors aeting the ux values. On
the other hand, I took into aount also the ux alibration unertainties derived
from both the standard ux alibration and from the further orretion applied
on the FORS-2 spetra whih suer for the shape distortion due to the CCD slit
position. Obviously, the H+K(CaII) index, being the ux ratio at two very lose
wavelengths, is almost unaeted by these ux alibration unertainties. The nal
errors are shown in Table 5.3.
The measured values of the indies have been ompared with the expetations
of the spetro-photometri synthesis models (BC03) assuming a Chabrier IMF and
an exponentially delining star formation history with time-sale τ (with the same
assumptions of the photometri analysis, i.e. τ = 0.1 − 1 Gyr and solar metalliity;
afterwards I will disuss the eets of varying these assumptions). Indeed, to start
with the simpler evolutionary modelling of star formation typial of ETGs, it is
assumed that the bulk of the star formation ativity has happened in a onned
initial episode with small time-sale τ (τ < 1 Gyr, as it is the ase of ETGs (Sarao
et al. 2010 [106℄).
In this senario, the stellar ontent of galaxies is rather oeval, within τ , so if this
evolutionary modelling is appropriate for the real star formation history of ETGs, it
is expeted that the stellar ages derived from the values of the two indies would be
onsistent with eah other.
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Figure 5.3: Data versus model omparison in the index index plane: measured values of the
indies D4000 (x -axis) and H+K(CaII) (y-axis) from the spetrosopi sample of van der
Wel et al. 2005 [128℄ (blak dots), Mignoli et al. 2005 [78℄ (red dots) and Popesso et al. 2009
[94℄ (blue dots), ompared with the expetations of BC03 models at dierent ages (from left
to right, from about 108 to 1010 yr), xed solar metalliity and for dierent star formation
time-sale parameters τ (olored lines). With the exeption of those from van der Wel et
al. 2005 sample, shown data points have H+K(CaII) index values a bit underestimated
(within error bars) with respet to those indiated by models due to the dierene between
the spetral resolutions of BC03 syntheti spetra (FWHM= 3Å) and that of the observed
ones (see Table 5.2).
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Figure 5.3 shows the omparison between data and models in the D4000 versus
H+K(CaII) plane. Blak dots are galaxies from the spetrosopi sample of van
der Wel et al. 2005 [128℄, red ones from Mignoli et al. 2005 [78℄ and blue ones
from Popesso et al. 2009 [94℄. Lines represent the trends of the values of the two
indies of syntheti models at dierent ages, from younger ages (108 yr) at the
bottom left to older ages (1010 yr) at the upper right (at xed solar metalliity), and
their olours show dierent star formation histories determined by the time-sale
parameter τ . From Figure 5.3 it is possible to notie that: i) data points over
an extended area in the index index plane whih orresponds to stellar populations
older than ∼ 2.5 Gyr; ii) dierent τ -models (oloured lines) are onned in a rather
thin strip, while measured data are more widespread. While the majority of the
data points are in agreement with models, I get the evidene that for 6 out of 15
objets both indies deviate at more than 1σ from models. In partiular, starting
from the measured values of the D4000 index, 7 out of 15 data points have: either
too low values of the H+K(CaII) index (IDs: 1192, 7424 and 9838), suggesting
possible stellar populations younger than what pointed out from the D4000 index
(see Setion 2), or so high values of the H+K(CaII) index (H+K(CaII)> 1.2, IDs:
9066, 10960, 10020 and 1837) that they annot nd any orrespondene with models
within 2σ. It is important to notie that this sample of galaxies is not omplete, so
these perentages are just evidene that at least some of these high-redshift ETGs
have a less homogeneous stellar population with respet to what is expeted in a
rigorous passive evolution.
Points that are not onsistent with the proposed models at dierent star for-
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mation time-sales annot be explained by using syntheti models with dierent
metalliities. As an example, in Figure 5.4 the same diagram of Figure 5.3 is shown,
but in this ase the dierent oloured lines represent models with three distint
metalliities (Z = 0.008, Z = 0.020 and Z = 0.040), at xed time-sale parameter
(τ = 0.1 Gyr). From Figure 5.4 it is lear that the not onsistent points still remain
without a satisfatory explanation on the basis of single-omponent star formation
histories even at dierent metalliities.
Adding some amounts of dust (Av > 0.5 mag) in the single omponent models
would marginally help in explaining those data points whih have low values of the
H+K(CaII) index (IDs: 1192, 7424 and 9838). However, even this addition is not
able to reprodue the index values of four objets with high H+K(CaII) (IDs: 9066,
10960, 10020 and 1837) beause its main eet is to slightly inrease the values of the
D4000 index. Moreover, this hoie should be supported by a physial motivation
able to justify these quantities of dust in systems where globally the star formation
ativity should be quenhed (age >> τ).
I have also heked that the values of the two measured indies on syntheti
models do not depend on the spetrophotometri models adopted in the analysis:
omparing index values obtained from BC03 models with those obtained with the
latest version of the same ode (Charlot & Bruzual, in preparation), I do not nd
any dierene, while the omparison with Maraston & Strömbäk 2011 [72℄ models
reveals small dierenes but well within the observational errors (see Se. 3).
The omparison between the measured indies and models has thus suggested
that the star formation histories of these galaxies must have been more omplex,
eventually involving the presene of later star formation events superimposed on a
rather old bulk of stars, ausing a less homogeneous population than predited by
simple short τ models.
A further onrmation of this evidene omes from the disrepany I found among
ages derived from the values of the two indies and those extrated from the SED t-
ting analysis, as shown in Table 5.2: the D4000 index points towards generally more
evolved stellar populations. Ages dedued from the indies values and reported in
Table 5.2 have been derived assuming BC03 models, solar metalliity and τ = 0.1
Gyr. Ages deriving from indies and from SED tting are two dierent but om-
plementary tools to study the stellar ontent of galaxies: the spetrosopi analysis
is based on a small portion of the SED but it is able to give important details on
their reent star formation history, while the photometri analysis an provide mean
stellar parameters dealing with the whole SED. This rst result thus suggests that
in general the SED analysis is missing small piees of information, revealed instead
by the indies.
Moreover, for many objets (8 out of 15) the ages derived from the D4000 index
tend to dier by more than 1σ from those derived from the H+K(CaII) index.
In partiular, in one ase they dier by more than 2σ (ID-9838). Furthermore,
even if possible, it appears unlikely that the age inonsisteny arisen from the two
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Figure 5.4: Data versus models omparison in the index index plane: measured values of
the indies D4000 (x -axis) and H+K(CaII) (y-axis) from the spetrosopi sample of van
der Wel et al. 2005 [128℄ (blak dots), Mignoli et al. 2005 [78℄ (red dots) and Popesso et
al. 2009 [94℄ (blue dots), ompared with the expetations of BC03 models at dierent ages
(from left to right, from about 108 to 1010 yr), xed star formation time-sale parameter τ
and for dierent metalliities : Z = 0.008, Z = 0.020 and Z = 0.040 (oloured lines). As in
Figure 5.3, with the exeption of those from van der Wel et al. 2005 sample, shown data
points have H+K(CaII) index values a bit underestimated (within error bars) with respet
to those indiated by models due to the dierene between the spetral resolutions of BC03
syntheti spetra (FWHM= 3Å) and that of the observed ones (see Table 5.2).
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Table 5.4: Age estimates derived from indies and photometri analysis (Gyr) obtained
from the omparison with syntheti stellar populations models with τ = 0.1 Gyr and solar
metalliity.
ID-MUSIC Age from H+K(CaII) Age from D4000 Age from photometry
(Gyr) (Gyr) (Gyr)
1192 1±0.1 1.9±0.5 0.7
1382 4.5±1.5 5.5±1.5 1.4
1950 1.7±2 4±1 0.7
1837 - 5.75±3 0.9
2694 3±1.2 2.4±0.4 1.3
9066 - 0.9±0.4 1.3
11539 4.7±1.5 4.75±0.5 1.3
10020 - 2.2±0.5 1.3
10960 - 1.1±0.3 1.4
11225 1.2±0.5 1.9±0.4 1.4
9792 4.7±1.5 4.7±0.9 2.7
13386 1.4±0.6 1.5±0.4 0.6
9838 0.9±0.3 3.1±0.4 2.3
17044 1.9±1 3.75±0.4 2.3
7424 0.7±0.4 1.9±0.5 1.4
indies is due to measurement errors. Indeed, it would mean introduing a kind
of systematiity whih should always derease the values of age derived from the
H+K(CaII) index and at the same time always inrease those derived from the
D4000 index. In fat, ages from the D4000 index are older than those indiated from
H+K(CaII) index (only for one objet there is the opposite trend), in agreement with
Onodera et al. 2012 [81℄ who found similar results for passive galaxies at z > 1.4.
Furthermore, in some ases, ID-2694, ID-9066, ID-10020 and ID-10960 as displayed
in Table 5.2, H+K(CaII) values do not nd any age orrespondene with models,
as evident from Figure 5.3. As already hinted in Setion 2, the missing mathing
of the ages derived from these two seleted indies should be due to the sensitivity
of H+K(CaII) index to very reent (or ongoing) star forming events, even if very
weak. On the other hand, D4000 index is a good indiator of the age of the bulk
of the stellar ontent of galaxies. Thus, in order to understand the nature of the
disrepany between the two indies values measured in some of the galaxies of my
analyzed sample, I started a new analysis of their properties, assuming that a quite
reent star-forming event has been superimposed on an otherwise homogeneous and
old stellar population.
As a pure exerise, I have performed the analysis based on the assumption of a
double age stellar omponent for all the galaxies of the sample. The real onveniene
of introduing the seond omponent, as disussed in the following setion, is found
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only for those objets for whih the age values derived from the two indies were
not in agreement. And this is the ase for 9 out of 15 galaxies. For the remaining
galaxies, values of τ ≥ 0.1 Gyr are suient to explain the inhomogeneity of their
stellar ontent even though with some orretions to the mean ages derived from the
SED tting analysis.
5.2.1 Double-omponent analysis
To better reprodue the observed stellar populations properties of this sample galax-
ies and in partiular to reprodue the measured indies, I thus hypothesized the
presene of omposite stellar populations, assuming that after the initial bulk of star
formation, additional events have ourred also in the following few Gyr. For the
sake of simpliity, I started introduing only double stellar omponents; it annot be
exluded that a more rened analysis whih involves more than two spetral index
measurements on higher quality spetra ould eventually nd the presene of triple
and over stellar populations.
In Figure 5.5 (left-hand panel), the omparison of the measured indies with
those obtained on syntheti double-omponent models is shown: models represent
galaxies for whih the bulk of the stellar mass belongs to a population whose age
inreases from left to right (from about 108 to 1010 yr) in the index index plane, and
small mass frations are taken into aount by a younger omponent with xed age
0.5 Gyr. Coloured lines represent the inreasing intensity of the seondary burst,
i.e. the fration of the younger omponent, from the right (dark green line) with
a fration of 0.1% to the left (magenta line) with 2.5%. From this plot, it is lear
that with only small mass frations of a superimposed younger population, observed
points with low H+K(CaII) index values an be fully explained.
A similar explanation an be possibly advaned also for points with higher
H+K(CaII) index values, but with the addition of a further ingredient, as already
disussed in Chapter 2. Considering the denition of the H+K(CaII) index, high
index values would mean that the H absorption line must be very weak with respet
to the K(CaII) line. I then hypothesized that the Balmer Hǫ line blended with the
H(CaII) line is in emission rather than in absorption. As shown in Figure 5.6 in
BC03 models, for stellar populations younger than < 0.2 Gyr, Balmer Hǫ emission
is dominant over the absorption. So that the presene of a small mass fration of
very young stellar population (i.e., very reent weak burst) an be able to ll the
depth of the whole H line, thus inreasing the value of the H+K(CaII) index. I then
introdued in this analysis BC03 models whih inlude the nebular emission lines
(Charlot & Longhetti 2001 [13℄). In fat, as shown in Figure 5.7, dierenes between
models with emission (yan solid line) and without emission (blak dashed line) are
evident for ages smaller than 1 Gyr; for older ages these models oinide. As an
example of this analysis, in Figure 5.5 (right-hand panel) the omparison of model
predition with the observed data in the ase of double age omponent models is
shown for a starburst age of 5 Myr. Given the very young age of the seondary om-
ponent, I took into aount the possible dust extintion that should be ating around
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Figure 5.5: Index index plane: omparison with double-omponent models. Left-hand
panel: observed points are the same as in Figure 5.3; lines represent the values of the
indies on BC03 syntheti models omposed of a main omponent whose age inreases from
left to right (from about 108 to 1010 yr), and by small mass fration of a younger stellar
omponent with age 0.5 Gyr. The fration of the seondary omponent inreases from 0.1%
(dark green line) to 2.5% (magenta line). Right-hand panel: same as the left-hand panel;
here the small and younger omponent has age 5 Myr and it has been reddened with a
typial dust extintion of 0.5 mag. Mass frations span from 0.1% (violet line) to 1.4%
(green line). BC03 models are with xed solar metalliity and τ = 0.1 Gyr. As in Figure
5.3 and 5.4, with the exeption of those from van der Wel et al. 2005 sample, shown data
points have H+K(CaII) index values a bit underestimated (within error bars) with respet
to those indiated by models due to the dierene between the spetral resolutions of BC03
syntheti spetra (FWHM= 3Å) and that of the observed ones (see Table 5.2). Both plots


























Figure 5.6: Syntheti spetra with Balmer Hǫ (λ = 3969.65 Å, red vertial line) emission
line in models at dierent stellar population ages. Ages derease from 0.5 Gyr (magenta
line) to 0.1 Gyr (blak line).
it, assuming Av = 0.5; it is worthy to speify that the introdution of dust aets
only the D4000 index, inreasing its value in the same way as age. The intensity of
the star formation burst inreases from right (violet line), with a mass fration of
0.1%, to left (green line), with a mass fration of 1.4%. Both panels of Figure 5.5
are useful examples that show how the suggested presene of small mass fration of
younger stellar omponent is able to explain the observed data. Age and perentage
of mass involved in the seondary omponent (i.e., age and strength of the reent
burst) an be varied to exatly math eah single observation. Below I will present
the detailed analysis of the whole sample of galaxies and the obtained results.
Eah galaxy has been analysed by means of a ode that, spanning all the double-
omponent possible models, extrats best-tting solutions, following the analogue
of the one-omponent photometri analysis. Assuming the BC03 models, inluding
possible emission nebular omponents, with xed τ = 0.1 Gyr and solar metalliity,
the ode builds all the possible double-omponent ombinations of spetra varying
ages, mass frations and dust extintion of the two stellar omponents. A maximum
age limit has been imposed equal to the age of the Universe at the redshift of eah
galaxy. Reent burst strengths (i.e. the mass perentage involved in the young
omponent) have been onsidered by means of 0.05% steps. Dust extintion has
been applied both on the whole double-omponent spetrum and only on the younger
omponent, in parallel distint analysis, with a 0.1 mag pass.
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Figure 5.7: Trend of the H+K(CaII) index with age measured on BC03 models with Balmer
lines emission (yan solid line) and without emission (blak dashed line). Dierenes between
two models beome important only for stellar population with age < 1 Gyr.
From the generated omposed syntheti spetra my ode selets the solutions
whih are onsistent with the measured values of the two spetrophotometri in-
dies within their observational errors. After this seletion, the ode starts the χ2
minimization proess of the omposite syntheti SED on the observed photometri
data. In this way not only the optial band is onsidered, but the whole spetral
distribution of energy.
The results of the analysis are shown in Table 5.6. Mass fration values expressed
in Table 5.6 are indiative of the amount of mass for the solutions with lower χ2 val-
ues. The sample objets are well desribed by two-omponent models, revealing the
onsistene of the found solutions with the presene of a younger stellar population
for almost all the galaxies of the sample. Moreover, thanks to the proedure ap-
plied in my ode, all the omposite spetra are fully onsistent with the measured
indies, ontrary to the single-omponent analysis from whih this happens only for
a ouple of objets. Dust extintion in general beomes important, i.e. Av > 2, only
for objets whose young omponent is younger than the star formation time-sale
parameter τ = 0.1 Gyr, that means that the star formation is still ongoing.
The improvement in terms of probability P(χ2) of the obtained double-omponent
solutions with respet to the single omponent ones (with τ = 0.1 Gyr, see Table 5.2)
is illustrated in Table 5.5, where I report the omparison of the redued-χ2 (χ2ν ).
The estimation of the χ2ν inludes both the ontribution of the 14 photometri points
whih onstitute the global SED and the values of the two analysed spetral indies.
It is worth to remark that in this part of the analysis, for onsisteny, I have ompared
the double-omponent models with the single omponent ones obtained with xed
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small τ = 0.1 Gyr. Aordingly, the χ2ν values and the orresponding probabilities
shown in Table 5.5 are referred to these partiular SED tting solutions.
As an be seen from Table 5.5, the double-omponent solutions are preferable
over the single omponent ones for almost all the galaxies of the sample. More in
details, for 9 out of 15 galaxies (60% of the sample) (IDs: 1192, 1950, 1837, 9066,
10020, 10960, 9838, 17044 and 7424), whih have the age values derived from indies
not in agreement with eah other (see Table 5.2), the double-omponent solutions
with age dierenes > 1.5 Gyr are learly more representative of their inhomogeneous
stellar ontents. For the other six objets, even if providing statistially more prob-
able solutions for four out of six ases, the double-omponent analysis appears not
signiantly neessary. Indeed, for these six galaxies the ages derived from the two
indies result all in agreement with eah other pointing to the same generally older
age with respet to the ages extrated from the SED tting analysis (see Table 5.2).
In partiular, for three galaxies (IDs: 1382, 11539 and 9792), the double-omponent
solutions are statistially more probable atually just beause the bulk of the mass
(> 98%) mathes the age indiated by the two indies (ompare Table 5.2 with Table
5.6), while the single-omponent solutions miss this important information. Only for
the remaining 3 ases (IDs: 2694, 11225 and 13386) both indies and τ ≥ 0.1 Gyr
SED tting analysis point to the same age, diretly revealing a rather homogeneous
stellar population.
Summarizing, the double-omponent analysis shows that in 60% of the galaxies
of this sample there are two stellar omponents whose presene explains the dierent
ages derived from the index values. Furthermore, thanks again to the index values,
this analysis has onrmed or orreted the ages of the SED tting solutions for the
remaining objets.
In Figure 5.8, I present two examples of the analysis that I performed on two
opposite ases whih are not onsistent with a single omponent desription: ob-
jet ID-9066 (top panels) whih has a high H+K(CaII) value (> 1.2), and objet
ID-7424 (bottom panels) whih has a low value of the H+K(CaII) index. In the
aption of Figure 5.8, I report, as example, the detailed disussion of these two rep-
resentative ases. Left-hand panels of Figure 5.8 show the omparison between the
single-omponent (blak) and double-omponent (red) best-tting solutions on the
observed SED (blue points): both the presented double-omponent models t better
the spetral distributions. Fousing on the 4000Å rest frame region (right-hand pan-
els), it an be seen that the double-omponent spetrum (red) reprodues better the
observed spetrum (blak) than the single omponent model (green), in partiular
the features involved in the H+K(CaII) index denition (i.e. the H and K absorption
lines).
5.2.2 The ages of the two stellar omponents
As it an be seen from the analysis of this sample, based on both the spetral indies
and the photometri SED tting, I found evidene that at least 60% of the seleted
ETGs have the bulk of the mass omposed of rather old stars and a small perentage
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Figure 5.8: Left-hand panels: omparison between single-omponent solutions (red line)
and double-omponent models (blak line) on the observed SED (blue points). Right-hand
panels: omparison between single-omponent spetrum (green) and double-omponent
spetrum (red) on the observed spetrum (blak) in the region of the 4000Å rest frame.
Upper panels: galaxy ID-9066. Analysis: the orresponding stellar age of this objet from
the SED tting analysis was 2 Gyr (with τ = 0.3 Gyr and Av = 0.6, see Table 5.1); instead,
from the index measurements it is obtained an age estimate of about 0.9 Gyr from the D4000
index and none from the H+K(CaII) index beause its value is above the ritial value (i.e.
1.2). I thus proeeded with the double-omponent analysis on models with gas emission
lines. The result is a omposite stellar population with a 6 Myr younger omponent (with
signs of reent star formation) reddened with Av = 2.8, superimposed on the bulk of the
stellar mass (> 99.3%) with an older age of 1.7 Gyr. The value of the older omponent age
is similar to the photometri age, but the single-omponent solution was not onsistent with
the measured indies. Instead the double-omponent solution, with the adding of small
amounts of very young stellar population has been able to adjust the t of the spetral
features, and taking into aount at the same time the trend of the whole SED. Bottom
panels: galaxy ID-7424. Analysis: from the SED tting analysis this objet was desribed
by a 2.6 Gyr old stellar population with τ = 0.4 Gyr and Av = 0.2, on the other hand,
H+K(CaII) and D4000 indies pointed to ages of 0.7 and 1.9 Gyr respetively (see Table
5.2). Moreover, the single-omponent solution was not onsistent with the measure of the
H+K(CaII) index. The double-omponent analysis found a onsistent solution omposed
by a main omponent with old age 6.25 Gyr and a relative high fration (about 15%) of a
young omponent with age 0.7 Gyr, reddened with Av = 0.5.
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Table 5.5: Comparison of the redued-χ2 and orresponding probabilities between the
single and double-omponent solutions. The χ2ν estimations inlude the omparison among
the photometri points and the analysed spetral indies.
ID χ2ν single omponent Probability χ
2
ν double omponent Probability
(%) (%)
1192 5.01 0.7 1.14 32
1382 13.6 0 3.7 16
1950 7.5 0.06 2.94 5
1837 19.94 0 1.31 27
2694 1.56 21 1.8 16
9066 3.31 4 0.66 52
11539 12.66 0 1.16 31
10020 5.02 0.7 0.844 43
10960 3.85 2 1.74 17
11225 0.59 55 0.77 46
9792 9.05 0.01 1.64 19
13386 4.89 0.7 1.16 31
9838 3.43 3 1.26 28
17044 9.87 0.01 1.31 27
7424 2.038 13 1.01 36
of younger stars. In the following, I inlude also the three objets (IDs: 1382, 11539
and 9792) for whih I have orreted the age of the bulk of stars by means of the
index values; indeed, the amounts of younger omponent, although not neessary,
are found to be very small. In this 80% of the sample, whih I remark again is not
omplete, with the exeption of objet ID-7424, I nd that the mass frations of the
younger omponent are small, less than 10%, with the smallest being 0.05%, while
the bulk of the mass belongs to the older omponent. The distributions of the ages of
the old (left-hand panel) and young (right-hand panel) omponents of this part of the
sample, are shown in Figure 5.9. White data represent the whole 80% of the sample,
while blue and green shaded data represent subsamples at respetively z ∼ 0.7 and
z ∼ 1. Considering the old omponent age distribution (left-hand panel), it appears
bimodal with a younger sample with a mean age of 2.25 Gyr and with an older one of
5.3 Gyr. This means that the bulk of their stars formed at 1 < zform < 3 and z > 5,
as it an be seen in Figure 5.10 whih learly shows that both the two subsamples
of galaxies at zspec ∼ 0.7 and zspec ∼ 1 have a zform of their main stellar omponent
bimodally distributed, without any dependene on redshift. I stress that this result
is evidene oming from a asually seleted sample of ETGs and hene it annot be
interpreted as a general bimodality in the distribution of the star formation episodes
in ETGs.
On the ontrary, in the young omponent histogram (Figure 5.9, right-hand
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Table 5.6: Results obtained from the double-omponent analysis on the sample of galaxies
extrated from the omposition of BC03 models, with xed τ = 0.1Gyr and solar metalliity.
Mass frations are the indiative values for the solutions with lower χ2 values.
ID Age younger Mass fration Age older Mass fration Av Age dierenes zform
(Gyr) (%) (Gyr) (%) (mag) (Gyr)
1192 0.64 6.5 2.4 93.5 0 1.76 2.15
1382 0.1 0.05 5 99.95 0.9
a
4.9 6.1
1950 0.45 1 5.5 99 0 5.05 >6
1837 0.015 0.95 5.5 99.05 2.8
a
5.485 >6
2694 0.5 0.65 2.3 99.35 0.1 1.8 2.2
9066 0.006 0.75 1.7 99.25 2.8
a
1.694 1.95
11539 0.3 0.1 4.75 99.9 0.2
a
4.45 >6
10020 0.03 1.5 2.6 98.5 2.3
a
2.57 1.45
10960 0.015 1.65 2.3 98.35 2.6
a
2.285 1.32
11225 0.9 20 6.25 80 0.2 5.35 >6
9792 0.8 1.65 4.75 98.35 0.3 3.95 2.86
13386 0.1 0.1 1 99.9 0.3 0.9 1
9838 0.5 2.6 4 97.4 0.8
a
3.5 2.16
17044 1 5.3 7 96.5 0.2 6 >6




Av applied only on the young omponent.
panel), the distribution is homogeneous with a mean age of 0.4 Gyr. From both
histograms, it is lear that there is no dependene on redshift in the obtained re-
sults, so it annot be identied a single onned osmi period for the formation of
the stars neither of the old nor of the younger omponents.
It is worthy to note that the ages of the bulk omponents are generally older
than the ages derived from the photometri analysis. Indeed, the main omponents
generally reveal the same stellar ages predited from the values of the D4000 index,
whih, as already disussed, is a measure of the global stellar population (see Table
5.6 in omparison with Table 5.2). In Figure 5.11 I report the omparison between
the ages estimated from the SED analysis (with xed τ = 0.1 Gyr) with respet to
both those of the young omponents (light blue squares) and those of the old ompo-
nents (dark blue triangles). It an be seen that ages derived from the SED analysis
are all younger than 2.7 Gyr, while in this double-omponent analysis, the ages of
the old omponents reah 7 Gyr. This gure demonstrates that the photometri
analysis, without the onstraints imposed by the spetrophotometri indies, learly
underestimates the age of the bulk of stars in ETGs at z ∼ 1. As a onsequene, it
results that also the stellar mass derived from the SED tting is on average under-
estimated with respet to the value that an be derived from the double-omponent
analysis. Indeed, I estimated that the mean orretion fator for the stellar mass of
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Figure 5.9: Histograms of the double-omponent analysis results on the 80% of the sample
(see Setion 5.2.2). White: data from all the 80% of the sample; blue shaded: data from
the subsample of galaxies at z ∼ 0.7; green shaded: data from the subsample of galaxies at
z ∼ 1. Left-hand panel: distribution of the ages of the old omponents in bins of 0.55 Gyr.
There are two visible subsets with mean age of about 2.25 Gyr and 5.3 Gyr. Right-hand
panel: distribution of the ages of the young omponents in bins of 0.1 Gyr. The mean age
is about 0.4 Gyr.
the sample galaxies is on average 1.2 with peaks up to a fator of 2, and the more
is the dierene between the age extrated from the SED tting and the age of the
older omponent, the higher is the value of this orretion.
In onlusion, these results suggest that the bulk of the star formation in this
sample of ETGs at z ∼ 1 happened in two indiative osmi periods: one at zform > 5
and the other more reent at 1 < zform < 3. New and minor events of star formation
ourred in these galaxies within 1 Gyr (upper limit) from their observation, i.e.
z ∼ 1 and z ∼ 0.7.
It is worthy to note that the obtained results are stritly related to the peuliar-
ities of the two spetrophotometri measured indies. In partiular, the H+K(CaII)
index has been of fundamental importane to detet the presene of small frations
of young stellar populations also when the bulk of the mass (> 98 − 99%) belonged
to the older main omponent. Indeed, as it appears evident from Figure 5.5, the
H+K(CaII) index experienes large variations even when only a small perentage of
stellar mass younger than 1 Gyr is added to the old bulk of stars.
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Figure 5.10: zform of the main omponent as a funtion of the zspec of the 80% of the
sample of galaxies. Arrows mean that the values an be higher than what indiated by the
respetive points.
5.3 Disussion
In the last years, only two works based on high-redshift ETG optial spetra reported
a similar spetrosopi analysis based on spetrophotometri indies. In this setion,
I try to ompare the obtained results with the nding of these two works.
The rst one is a work by Onodera et al. 2012 [81℄ where the authors present a
spetral analysis of a sample of 18 passive elliptial galaxies at 1.4 < z < 1.8 in the
Cosmologial Evolution Survey eld. In partiular, based on near-IR Subaru/Multi-
Objet Infrared Camera and Spetrograph spetra (resolution R ≃ 500), they per-
formed the measurements of two spetrophotometri indies in the same region of
our analysis: the Hδ index (dened as HδF by Worthey & Ottaviani 1997 [136℄) and
Dn4000, a 4000Å break index denition by Balogh et al. 1999 [2℄, not oinident
with the one adopted in the present analysis.
To ompare our sample with that of Onodera et al. 2012, I have measured the
values of the HδF and Dn4000 indies on the spetra of our sample. Results are
listed in Table 5.7.
In their Figure 17, Onodera and ollaborators showed the omparison of their
measurements with the preditions of syntheti models (Charlot & Bruzual, in prepa-
ration) assuming four dierent star formation histories and most of their objets are
not onsistent with any of the displayed models. I add my lower redshift sample
in the same HδF versus Dn4000 plane, and the result is shown in Figure 5.12 (top
panels). Indeed, on average, at xed Dn4000 index value, the HδF index value is
either higher than expeted from models or too low to nd any orrespondene with
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Figure 5.11: Comparison between the ages derived from the SED tting photometri anal-
ysis (from Table 5.2) and the ages of the main omponent (dark blue triangles) and the
young omponent (light blue squares) extrated from the double-omponent analysis (from
Table 5.6). Data onern the 80% of the sample.
models (with τ = 0.1 Gyr and solar metalliity, blak line in Figure 5.12, top panels).
I then proeeded with the same arguments followed in the previous setions, onsid-
ering double stellar omponents models. The top-left panel of Figure 5.12 presents
omposite models with the younger omponent at xed age 0.7 Gyr, while in the
top-right panel the minor omponent is so young, 5 Myr, to present emission lines
and to produe negative values of the HδF index. Double-omponent models with
the adding of gas emission are suessful in explaining many of the data points of
both samples, in partiular those with lower values of both indies. Unfortunately,
those points with extreme high values of HδF (and relative high values of Dn4000
index) remain still unexplained with any ombinations of stellar omponent ages, as
already notied by Onodera et al. 2012.
Fousing only on my sample data (red points in Figure 5.12, top panels), it is
worth to stress that the obtained spread in the HδF versus Dn4000 index plane is
more restrained than that in the H+K(CaII) versus D4000 index plane disussed in
this analysis (see Figure 5.3). This is due to the lower sensitivity of the HδF index
respet to that of the H+K(CaII) index to the presene of very small amounts of
young stars. As explained in Setion 2, indeed, the measure of the H line depth and its
ratio with the K line is inuened almost only by the blended Hǫ line depth, making
the values of their ratio (i.e. H+K(CaII) index) a very sensible tools for deteting
young stellar populations. The larger eetiveness of the H+K(CaII) index with
respet to the HδF index in nding the younger omponent is easily veried looking
at the syntheti models. Colored lines in Figure 5.12 (top left panel) indiate the
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10.0% age 0.7 Gyr, Av=1
5.0% age 0.7 Gyr, Av=1
3.0% age 0.7 Gyr, Av=1
2.5% age 0.7 Gyr, Av=1
2.0% age 0.7 Gyr, Av=1
1.5% age 0.7 Gyr, Av=1
1.0% age 0.7 Gyr, Av=1
0.5% age 0.7 Gyr, Av=1
single component
Onodera et al. 2012
This work












2.5% age 5 Myr, Av=0.5
2.0% age 5 Myr, Av=0.5
1.4% age 5 Myr, Av=0.5
1.2% age 5 Myr, Av=0.5
1.0% age 5 Myr, Av=0.5
0.8% age 5 Myr, Av=0.5
0.6% age 5 Myr, Av=0.5
0.5% age 5 Myr, Av=0.5
0.3% age 5 Myr, Av=0.5
0.2% age 5 Myr, Av=0.5
0.1% age 5 Myr, Av=0.5
single component
Onodera et al. 2012
This work












0.5% age 0.7 Gyr, Av=1
1.0% age 0.7 Gyr, Av=1
1.5% age 0.7 Gyr, Av=1
2.0% age 0.7 Gyr, Av=1
2.5% age 0.7 Gyr, Av=1
3.0% age 0.7 Gyr, Av=1
5.0% age 0.7 Gyr, Av=1
8.0% age 0.7 Gyr, Av=1
10.0% age 0.7 Gyr, Av=1
Jorgensen et al. 2013
This work












0.1% age 5 Myr, Av=0.5
0.2% age 5 Myr, Av=0.5
0.3% age 5 Myr, Av=0.5
0.5% age 5 Myr, Av=0.5
0.6% age 5 Myr, Av=0.5
0.8% age 5 Myr, Av=0.5
1.0% age 5 Myr, Av=0.5
1.2% age 5 Myr, Av=0.5





Figure 5.12: Same plots as Figure 5.5 in the HδF versus Dn4000 plane, for both the Onodera
et al. 2012 [81℄ sample (blak points) and this analysis sample (red points)(top panels), and
in the HδA versus D4000 plane for both the Jorgensen & Chibouas 2013 [40℄ sample (blak
points) and this analysis sample (red points)(bottom panels). Double-omponent models
(oloured lines) are omposed of the bulk of the mass whose ages inrease from left to right
(from about 108 to 1010 yr), and by inreasing mass frations of young omponent with
age 0.7 Gyr with Av = 1 (left-hand panels), and with age 5 Myr, reddened with Av = 0.5
(right-hand panels). Double-omponent models in the right-hand panels are shown with
the adding of gas emission lines. In all panels, HδF values of syntheti models (oloured




Table 5.7: Values of the Dn4000 and HδF indies (used in Onodera et al. 2012 [81℄) and
HδA index (used in Jorgensen & Chibouas 2013 [40℄) measured on this sample spetra.
ID z Dn4000 HδF HδA
1192 1.089 1.59±0.03 2.44±0.53 4.88±0.19
1382 0.964 2.10±0.06 2.15±0.30 0.21±0.60
1950 1.044 1.53±0.08 2.16±0.85 0.48±0.23
1837 0.964 2.28±0.04 1.54±0.34 -1.85±0.24
2694 1.135 1.96±0.07 1.57±0.79 1.13±0.53
9066 1.188 1.71±0.15 4.12±0.62 2.78±3.19
11539 1.096 1.91±0.06 0.05±1.18 -0.70±1.20
10020 0.738 1.78±0.09 1.90±1.25 -0.14±1.95
10960 0.737 1.72±0.05 0.15±0.56 -1.49±0.83
11225 0.736 1.64±0.04 2.06±0.75 1.29±1.13
9792 0.734 1.87±0.05 0.94±0.69 -0.85±1.01
13386 0.734 1.61±0.04 1.58±0.85 0.05±1.30
9838 0.732 1.80±0.08 1.54±1.42 -0.90±2.20
17044 0.672 1.93±0.03 1.09±0.38 1.70±0.54
7424 0.669 1.75±0.09 0.62±1.52 1.20±2.15
values of the HδF and Dn4000 indies of double-omponent models with inreasing
frations of the younger omponent, and it an be notied that the detahment from
the single-omponent model (blak line) is limited with respet to what obtained in
Figure 5.5 in the ase of H+K(CaII) index.
Interestingly, from both top panels of Figure 5.12, it an be notied that data
points of this analysis sample (red points) stay loser to models than those of Onodera
et al. 2012. Sine my points refer to lower z galaxies, I thus looked for a orrelation
of this spreading with redshift. I separated the entire sample of galaxies in ve
subsets with dierent range of redshift: z ∼ 0.7, ∼ 1, ∼ 1.4, ∼ 1.6 and ∼ 1.8. In
Figure 5.13, I present the same plot of Figure 5.12, but with only a representative
single-omponent model (blak line, with τ = 0.1 Gyr and solar metalliity). Colours
of the data points go from yellow, low-redshift objets (z ∼ 0.7), to dark red, the
highest redshift (z ∼ 1.8). From this plot, it is lear that low-z data stay loser
to the model than those with high z and that the more the redshift inreases, the
more the data are widespread in the index index plane, i.e. more distant from
models. Furthermore, in Figure 17 in Onodera et al. 2012, the authors present the
omparison of their high-z data with loal SDSS passive galaxies, and the trend seems
to be onrmed: loal objets are generally well represented by single-omponent
models with respet to high-z data. In high-redshift objets, dierenes of ages
among possible multiple stellar omponents are easier to be deteted thanks to the
younger mean ages, for whih even small age dierenes produe strong signatures
(e.g. Balmer lines depth), while in the loal Universe the same age dierenes are
83
CHAPTER 5. EVIDENCE OF MULTIPLE STELLAR POPULATIONS
IN Z ∼ 1 ETGS
















Figure 5.13: HδF versus Dn4000 plot. Blak line is the single-omponent model with
τ = 0.1 Gyr and solar metalliity. Data from the sample of Onodera et al. 2012 [81℄ and
this work galaxies. Data points are divided into ve redshift bins (from yellow to dark red
rosses): z ∼ 0.7, ∼ 1, ∼ 1.4, ∼ 1.6 and ∼ 1.8. Errors bars are omitted for simpliity; they
would be the same as in Figure 5.12.
almost impossible to be deteted for the stellar population ageing, thus vanishing
the opportunity of observing the presene of double omponents. Indeed, two stellar
populations with 8 and 12 Gyr, respetively, have almost the same Balmer lines
depth. This strengthens the advantage of dealing with diret spetral measurements
of higher redshift ETGs in order to study their star formation history.
The seond interesting omparison is with the work by Jorgensen & Chibouas
2013 [40℄. Their analysis is based on high-S/N optial spetrosopy of the early-
type members of three galaxy lusters at z > 0.5 in the framework of the The
Gemini/HST Galaxy Cluster Projet. I limited the omparison to the highest z
lusters whih are the RXJ0152.7-1357 at z = 0.83 and RXJ1226.9+3332 at z = 0.89,
beause they math the average redshift of my sample. For these galaxy lusters, in
partiular, the authors make available the measurements of some spetrophotometri
indies obtained from the GMOS-N instrument (R = 1918). They adopt the same
denition of the D4000 index as I adopted, and the denition of the HδA by Worthey
& Ottaviani 1997 [136℄, dierent from that of Onodera et al. 2012. In order to
perform the omparison, I thus measured the values of the HδA of my sample galaxies,
and the results are listed in olumn 5 of Table 5.7.
One again I ompared the results with the expetation of the single-omponent
BC03 models (blak line, with τ = 0.1 Gyr and solar metalliity), in Figure 5.12,
bottom panels. Data points from Jorgensen & Chibouas 2013 (blak points) remain
relative lose to the single-omponent model preditions (blak line), in agreement
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with the measure of our sample, supporting the previous nding that the seondary
younger omponent is more evident at inreasing z. In order to preserve the graphi
learness, in Figure 5.12 only data points belonging to RXJ1226.9+3332 galaxy lus-
ter are shown. In Figure 5.12, bottom-left panel, I report the omparison of both the
two sample data with the double-omponent models (olored lines), the same as in
the top-left panel: points with higher values of HδA index at xed D4000 index value
result fully explained by adding a small mass fration of young stars. On the other
hand, only some of our sample data points (red points) have lower values of HδA
index at xed D4000 index and they an be again explained with double-omponent
models adding very young stellar omponents displaying Balmer emission lines. In
partiular, it is interesting to note that the three objets ID-9066, ID-10960 and
ID-1837 of my sample, highlighted with labels in Figure 5.12 (bottom-right panel),
have HδA and D4000 indies whih are onsistent with double-omponent models
displaying emission lines in agreement with the results found using the H+K(CaII)
index with respet to the HδA one in this analysis (see Figure 5.5, right-hand panel).
Finally, I remark that in the bottom panels of Figure 5.12, I am omparing in
the same plots data oming from two samples of galaxies at about the same mean
redshift but in dierent environments: my sample (red points) is omposed of eld
galaxies, i.e. low-density environment (with mean z = 0.83), while Jorgensen &
Chibouas 2013 sample (blak points) is omposed exlusively of galaxies belonging
to the luster RXJ1226.9+3332 at z = 0.89. The fat that the galaxies of the sample
of Jorgensen & Chibouas 2013 do not need on average the presene of a seond
stellar omponent modelled with Balmer emission lines, means that in general their
stellar populations are homogeneous, i.e. formed in a single or very short burst with
no seondary bursts, in agreement with the well-known results of Thomas et al. 2005
[116℄, where high-density environment galaxies are expeted to form their star earlier
than low-density ounterparts and in a shorter time-sale. Supposedly, many luster
objets have experiened the same mehanism of star formation and assembling of
this sample of ETGs that led to the presene of stellar omponents with dierent
properties, but these events must have ourred earlier in the osmi time and are
less appreiable at the observation redshift.
5.4 Conlusions
Having revealed the presene of small young stellar omponents in many galaxies in a
wide redshift range (0.7 < z < 1.8, thanks to the enlarged sample) implies that there
must be a ommon mehanism by whih ETGs at any osmi time either arete
new amounts of young stellar mass by means of minor merging events, or ativate
new events of star formation almost onstantly over time. Minor merger-indued star
formation is the most widely aredited hypothesis to explain the presene of ongoing
star formation in ETGs, sine it has been also found in the loal Universe (Kaviraj
et al. 2012 [44℄). Minor mergers are those with mass ratio (M/m) in the range
1/10 < M/m < 1/4, and my ndings on the younger omponents mass frations
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are onsistent with this senario. Indeed, adopting the assumption of dry minor
merging, whih in general involves a maximum value of gas fration of 10% of the
total areted mass (stars+gas), the very small frations of the seond omponents
observed in this work, i.e. ∼ 0.1%, result in agreement with this desription. On the
other hand, obviously, also wet minor merging events are able to explain the origin of
the observed younger omponent, with the aretion of external gas being the driver
of new star formation ativity. However, minor merging events do not seem to be
so frequent in the osmi epoh from z ∼ 1 to now. Indeed, Lopez-Sanjuan et al.
2012 [65℄ have found that from z ∼ 1 to z ∼ 0 the number of minor merging per red
galaxy is 0.46 ± 0.06; thus, it seems rather unlikely that in an albeit small sample
of 15 galaxies, I found that at least 9 objets (i.e. 60%) have reently experiened a
minor merging event. In addition, it must be onsidered that all these objets have
been lassied as ETGs and their morphology appear all regular; thus, if merger
events have happened in the osmi histories of these galaxies, they must have taken
plae at least few Gyr earlier with respet to their observation in order to resettle
the elliptial morphology. But this is not in agreement with our ndings where the
younger omponent is always observed with age < 1 Gyr.
Moreover, other independent works, suh that by Gargiulo et al. 2012 [31℄, not
only have demonstrated the inhomogeneities of stars in ETGs at z > 1, but they
have also loalized the younger omponent in the inner part of the galaxies. This
naturally leads to the question of what is the physial mehanism whih, after the
external mass aretion by means of hypothetial merging events, is able to bring
only the younger stars to the entre of galaxies at least in the ase of dry merger
event.
On the other hand, the nding of a seond younger omponent also in other
high-z samples suggests that the presene of a small perentage of young stars at
any epoh whih oexist with the passively evolving older stellar bulk of the galaxy
ould be ommon in ETGs. In fat, it is known that ETGs ontain small fration
of old moleular gas that ould be onverted in star formation ativity and its
presene has been observationally deteted in the loal Universe (Lees et al. 1991
[57℄, Croker et al. 2011 [19℄, Panuzzo et al. 2011 [85℄). This minimal gas reservoir,
besides having a presumed external origin, ould also be due to the stellar mass loss
or may be left over from the initial star formation major burst in the earlier epohs.
The favoured senario is that of the old aretion: it has been shown (Fardal et al.
2001 [27℄, Keres et al. 2005 [45℄, Dekel et al. 2006 [22℄) that a old gas mode ould
be responsible for the star formation in the osmi history of galaxies and that it
an be present, with its lamentary nature and in small quantities, also in spheroidal
passive systems where the hot gas mode is dominant. In fat, Keres et al. 2005 show
that, from z ∼ 3 to z ∼ 0 hot gas mode dominated galaxies, i.e. passive and massive
spheroids, an form new stars thanks to small amounts of old gas, and the involved
mass frations, < 20% for stellar masses log(M∗)> 10.5, are fully onsistent with
the deteted mass frations of the younger omponent in the analyzed sample. In
addition, this senario ould be in agreement with the observed inner position of the
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younger omponent, as the old gas stream is assumed to infall towards the entre
of galaxy attrated by the main potential well.
Thus, the deteted young stellar omponent in the sample of ETGs analysed in
the present work suggests that a star formation ativity took plae steadily over time
during the seular evolution of these galaxies, ativated by small gas quantities sine
z > 1.
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Chapter 6
Very high stellar metalliity in a
massive z = 1.4 ETG
In this hapter I present the rst determination of stellar metalliity and hemial
abundane ratios for an individual ETG at high-redshift (z = 1.426) in the COSMOS
eld.
It is known that the hemial omposition of the stellar populations is related to
their star formation time-sale (Thomas et al. 2005 [116℄). Indeed, the abundane of
heavy metals with respet to α-elements of the stellar population is tightly orrelated
with the time delay between Type I and Type II supernovae, giving a diret probe
of the time-sale within whih star formation has ourred.
Up to now, this kind of estimate has been attempted only for samples of loal
galaxies, beause at high redshift the available S/N are not high enough for this
analysis. Indeed, only few works have experimented a spetral analysis on ETGs at z
> 1 (Onodera et al. 2012 [81℄, Jorgensen & Chibouas 2013 [41℄) and they are mostly
dediated to age estimates. In partiular, the spetral analysis have been done mostly
in the UV band (Cimatti et al. 2008 [17℄) and what is still laking is the analysis
in the restframe optial region. Furthermore, measures are usually performed on
staked spetra (that means that all the individual spetra are added together in
order to inrease the S/N), thus deleting the peuliarities of the single objets. A
single-objet measurement of the stellar metalliity and hemial abundane of z
> 1.2 ETGs is missing at the present time. With this work I ll this gap, presenting
the rst attempt to measure the hemial omposition of a z ∼ 1.4 ETG that is in
the early stages of its evolution.
This analysis is based on observations obtained with the X-Shooter instrument
at the VLT, whih, as desribed in Se. 4.3, provides a spetrum at high (R > 5000)
spetral resolution, overing from the UV to the near-IR wavelength range; and the
used method to derive the metalliity estimate, is the measurement of the values of
several spetral absorptions traing hemial speies, in partiular Magnesium and
Iron, besides determining the D4000. In partiular, the most solid indiation of the
stellar metalliity is derived by the value of the metalliity-dependent index Mgb (see
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Table 6.1: COSMOS-307881. Data derived from the analysis of Onodera et al. 2012 [81℄: K-band magnitude
in Vega system (Ks); spetrosopi redshift (z
ONOD
spec ); stellar population age (Agephot) and logarithm of the
stellar mass (logM∗) derived from SED tting assuming a Chabrier IMF [12℄; eetive radius (Re); degree
of ompatness (C=Re/Re,z=0). Units of right asension are hour, minutes and seonds, and unites of
delination are degrees, arminutes and arseonds.
ID RA DEC Ks z
ONOD
spec (*) Agephot logM∗ Re C
(Vega) (Gyr) (M⊙) (kp)
307881 10:02:35.64 02:09:14.36 17.59 1.4290±0.0009 3.50 11.50 2.68±0.12 0.32
(*)This work: z spec = 1.426 ± 0.001
Se. 2), whose strong depth, together with the relatively strong Hβ absorption, is
reprodued only assuming models at high metalliity and haraterized by [α/Fe℄> 0.
The global analysis of all the measured indies, as desribed in the following
setions, reveals a 4+0.5−0.8 Gyr old stellar population, with a stellar metalliity of
[Z/H℄= 0.61+0.06−0.05 and [α/Fe℄= 0.45
+0.05
−0.19. These properties suggest that this galaxy
formed its stars at zform > 5 within a short time sale ∼ 0.1 Gyr, passively evolving
at least in the rst 4 Gyr of life.
6.1 The target and the spetrosopi data
The target of this analysis is COSMOS-307881, a bright and massive (> 1011 M⊙)
ETG from the K-seleted galaxy atalog in the COSMOS (Cosmologial Evolution
Survey) eld (MCraken et al. 2010 [76℄). It is one of the 12 galaxies with Ks(Vega)
< 17.7 seleted on the basis of three riteria (Manini et al. 2010 [66℄): (i) non-
detetion at 24 µm in the Spitzer+MIPS data; (ii) visual elliptial morphology (see
Fig. 6.1, top panel); (iii) multiolor Spetral Energy Distribution (SED) onsistent
with old and passive stellar populations with no dust reddening. All the available
information on this objet are shown in Table 6.1. Further details an be found in
the works of Manini et al. 2010 [66℄ and Onodera et al. 2012 [81℄.
From these two studies it an be inferred that the target is an old and slightly
ompat (Re ∼ 0.3 Rz=0e , w.r.t. the loal size-mass relation) ETG, and most of its
mass is omposed by a passively evolving stellar population.
The spetrosopi observations were arried out with the X-Shooter spetrograph
on the VLT/UT2 in Italian guaranteed time during the nights 9−10 February 2011,
(program: 086.A-0088(A)). The target has been observed under bad sky ondition
(seeing > 2′′) during the rst night (about 1.7h for the VIS and UVB arms and
about 1.9h for the NIR arm), while during the seond night more than 4 hours of
target exposure have been olleted under good sky onditions (seeing ∼ 0.8′′). Only
the latter set of observations were onsidered for the analysis. The use of the 1′′.0
slit in the UVB arm and 0′′.9 slit in the VIS and NIR arms, resulted in a spetral
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resolution of 5100, 8800 and 5600 in the UV, VIS and NIR respetively.
The data redution has been performed taking advantage of the ESO pipeline
(Goldoni et al. 2006 [34℄) regarding the rst steps of the proess, and ompleted by
means of IRAF tools. In Fig. 6.1 the redued monodimensional spetrum of 307881
(blak line) is shown in omparison with the photometri points (yan diamonds)
and with an example of the stellar population model of Maraston and Strömbäk
2011 [72℄ based on MILES (Sanhez-Blazquez et al. 2006 [100℄) stellar library (as
desribed in Se. 3.4) of a 4 Gyr Simple Stellar Population (SSP) with super-solar
metalliity (Z= 0.04) (red line). Note that this model is the most similar one to the
best-t solution obtained in the following setions for whih the SED is available. The
original high resolution of the spetrum (e.g. ∼ 1 Å in the VIS) has been dereased
to math the lower resolution of the models (i.e. ∼ 6 Å at z= 1.4), that has been
used to perform the analysis of spetral indies, that are based on the the MILES
stellar library instead of a higher resolution one (e.g. MARCS) to take advantage of
the inreasing S/N in downgrading the observed resolution. The value of the signal
to noise ratio (S/N) obtained in the spetral region around 5000 Å restframe is ∼ 7
per pixel.
In order to austom the reader's eye to the expeted appearane of the main
spetral absorption lines when observed at a redshift so high as that of the here
analyzed galaxy, in Figure 6.2 a syntheti template (upper rst panels) that broadly
reprodues the observed one (bottom panels) whih is adapted to the measured ve-
loity dispersion (seond panels), then downgraded to be noisy as the observed spe-
trum (third panels) and nally ompared with the observed (bottom panels). The
similarity between the expeted and observed absorption features is quite evident.
6.2 Analysis
As a rst step, I measured the redshift of 307881 tting the Mgb line region, whih in
the spetrum is the leanest from the bakground residuals, as it an be seen in Fig.
6.1 (bottom panel), nding z= 1.426±0.001. The Mgb line region has been also used
to nd a best tting veloity dispersion estimate, that resulted to be σ = 385 ± 85
km/s. The proedure for determining z and σ was a χ2 minimization proess in
whih the observed spetral region is ompared with dierent models downgraded to
dierent resolutions orresponding to dierent veloity dispersions ([120− 615 km/s
with step 5 km/s), and redshifted in the range [1.423− 1.430℄ with step 0.0001. The
stability of the result has been proved also hanging the age and the metalliity of
the template used in the tting proedure.
I then seleted some spetral indies (see Se. 2) whose absorption features are
learly visible in the observed spetrum of 307881, to try to simultaneously derive
both the mean age and the metalliity of its stellar population. The seleted indies
are: D4000 index (Hamilton 1985 [36℄), HγF (Worthey & Ottaviani 1997 [136℄),
G4300, Fe4383, Ca4455, Fe4531, Hβ, Fe5015 and Mgb (Lik/IDS system, Worthey
et al. 1994 [135℄). In partiular, I have already disussed in Se. 2.2 that the
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Figure 6.1: COSMOS 307881. The observed spetrum (blak line) is shown in omparison
with an example of syntheti model of Maraston and Strömbäk 2011 [72℄ with age of 4
Gyr and super-solar metalliity (Z= 0.04), and with the observed photometri data (yan
diamond). Top panel: VIS and NIR spetral region together with the HST/ACS I-band
image of the target. Middle panel: zoom of the 4000 Å restframe region. Bottom panel:
zoom of the 5000 Å restframe region. The main absorption (and one emission) lines in eah
spetral region are highlighted. Dark green lines indiate the residual spetrum.
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Figure 6.2: Hβ (left panels) and Mgb (right panels) features in a template of 4 Gyr and
2Z⊙ metalliity. First panels: template at z ∼ 1.4; seond panels: template orreted for
σ = 385 km/s; third panels: template downgraded for the observed poissonian noise; fourth
panels: omparison with the observed spetrum (point-dashed red line).
Mgb index is the best metalliity and hemial abundane dependent index in the
region around 5000 Å restframe. In Table 6.2 I report the measured values of the
indies together with their errors derived by means ofMonteCarlo simulations set on
the unertainties in the ux measurements (see Se.2.4.1 for details on MonteCarlo
approah).
Before going on in the analysis, I want to point out the presene of the [OII℄3727
emission line (Fig. 6.1, middle panel). It an be exluded that its origin is due to
an ative AGN, sine I do not see any other AGN signature in the observed wide
spetral window. Indeed, as it an be notied from Fig. 6.2 left panels, it is highly
unlikely that the Hβ feature is aeted by emission as it should be if some residual
star formation was on-going in the galaxy, onsidering also that its value suggests
a stellar population age in good agreement with that derived by the Hγ and D4000
index. The most probable explanation of suh an emission, is that it is aused by
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the UV ionizing emission of old stars in post main-sequene phases (Yi & Yoon 2004
[138℄), as onrmed by UV indies. Furthermore, a strong ontribution from SF an
be exluded.
In Fig. 6.3 I show the Hβ index as a funtion of the Mgb index, that is a
metalliity indiator as I disussed in the previous setions. I ompare it with the
preditions of the SSP of TMJ models (Thomas et al. 2011 [118℄) based on the
MILES library for a wide range of ages (from 0.1 Gyr to 4 Gyr, onsidering the
age of the Universe at z∼ 1.4), for super-solar metalliities [Z/H℄= 0.35 (red lines)
and [Z/H℄= 0.67 (yan lines), assuming a Salpeter initial mass funtion (IMF), and
orreted for the measured veloity dispersion value of σ = 385± 85 km/s. As it an
be seen, the extreme value of the Mgb index fully requires high metalliity models up
to [Z/H℄= 0.67. In partiular, in Fig. 6.3 the model expetations for these indies
are reported also in ase of non-solar values of the α-enhanement [α/Fe℄, from 0.3
to 0.5 (dashed and dotted lines respetively). Models orresponding to abundanes
haraterized by extreme values of [α/Fe℄> 0.5 better reprodue the observed feature
with respet to those with solar abundanes.
Hints on suh extreme values of metalliity, ome also from onsidering the values
of all the other Lik indies measured on the spetrum. Indeed, as it an be notied
in Fig. 6.4 where G3400, Hβ and Fe4383 (upper, middle and bottom panel respe-
tively) as a funtion of D4000, all the measured indies are in agreement pointing
toward very-high metalliity values ([Z/H℄ ∼ 0.67, yan lines) being only marginally
onsistent with the 2Z⊙ values ([Z/H℄ ∼ 0.35, red lines).
Notie that the highest metalliity models in Thomas et al 2011 [118℄ are partly
in extrapolation, as they are sampling the edge of the parameter spae in terms
of the available empirial tting funtions for suh extreme stellar parameters (see
Johansson et al. 2010 [39℄). At the same time, the underlying stellar traks are based
on real alulations (see Maraston et al. 2003 [68℄ for details).
More quantitatively, I have omputed the best tting solution obtained ompar-
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Figure 6.3: Hβ versus Mgb plot. Comparison between the measured indies and TMJ
models. Ages run from 0.1 − 4 Gyr; super-solar metalliities: [Z/H℄= 0.35, 0.67 (red,
yan lines); α-element abundanes: [α/Fe℄= 0.0, 0.3, 0.5 (solid, dashed, dotted lines). The
measured values are shown with a blue diamond. Indies values of models are orreted for
the measured value of σ = 385 km/s.
ing all the 9 observed indies values (Table 6.2) with models. The free parameters
were the age (0.1 − 4.5, trunated at the age of Universe, with step 0.1 Gyr)1,
the total metalliity (from [Z/H℄= −2.25 to [Z/H℄= 0.67, with step 0.01) and the
α-enhanement (from [α/Fe℄= −0.3 to [α/Fe℄= 0.5, with step 0.01). The mini-
mum χ2 value resulted for a stellar population with age of 4.0+0.5−0.8 Gyr, metalliity
[Z/H℄= 0.61+0.06−0.05 and [α/Fe℄= 0.45
+0.05
−0.19, with χ
2 = 0.7 and an assoiated probability
∼ 70%. Errors indiate the range values of these parameters over all the solutions
assoiated to probabilities larger than 65%. The distributions of the 3 tting param-
eters, displayed in dierent χ2 ranges, are shown in Fig. 6.5, top panel. A global
piture of the χ2 values an be seen in Figure 6.6 where the minimum χ2 trends of
the 3 parameters of all solutions are shown. It is easy to notie that ages < 2 Gyr
an be ompletely exluded due to the rapid inreasing of their χ2 values toward
younger ages. Instead for ages > 4.5 (limit of the Universe age, not shown here) the
χ2 values remains pratially onstant.
Furthermore, it is found that all models with Z≤Z⊙ provide a t of the free
1
Note that I have performed the analysis using all available model ages (up to 15 Gyr) thereby
ignoring the age of the Universe as a onstrain. However, as no partiular improvement was notied
in the derived quantities, I deided to fous on ages within the age of the Universe at z ∼ 1.4
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Figure 6.4: Comparison between 4 measured indies (G4300, Hβ and Fe4383 versus D4000)
and TMJ models. Ages run from 0.1−4 Gyr, metalliities from [Z/H℄= 0, 0.35, 0.67 (blak,
red, yan lines), and α-element abundanes from [α/Fe℄= 0, 0.3, 0.5 (solid, dashed, dotted
lines). The measured values are shown with a blue diamond. Indies values of models are
orreted for the measured value of σ = 385 km/s.
parameters with a probability less than 0.1%.
I also veried the strength of this result by repeating the same tting proess se-
leting smaller and dierent set of indies, nding very similar solutions with respet
to the previous ones based on the whole set of indies. Two examples are shown
in Fig. 6.5, middle and bottom panels: the distributions of the tting solutions are
obtained from two sub-sets of indies (i) D4000, G4300, Hγ, Fe4383, Hβ, Fe5015 and
Mgb and ii) D4000, Hγ, Hβ and Mgb) whih lead to a best-t solution of i) age= 4.0
Gyr, [Z/H℄= 0.61 and [α/Fe℄= 0.44 with χ2 = 0.9, and ii) age= 4.0 Gyr, [Z/H℄= 0.60
and [α/Fe℄= 0.5 with χ2 = 0.5, both totally onsistent with the all-indies one.
I also evaluated the feasibility of this analysis on this low S/N spetrum, in
partiular as far as the metalliity and α-enhanement estimates, by repeating it on a
set of 500mok spetra built on a model spetrum haraterized by the obtained best-
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Figure 6.5: Fitting-solutions distributions of age, metalliity and α-enhanement. Colours
and symbols indiate solutions in dierent χ2 ranges, e.g. green squares inlude the most
probable solutions. Top panel: distributions obtained from the all-indies analysis; middle
panel: distributions obtained from a sub-set of indies: D4000, G4300, Hγ, Fe4383, Hβ,
Fe5015 and Mgb; bottom panel: distributions obtained from a sub-set of indies: D4000,
Hγ, Hβ and Mgb.
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Figure 6.6: Trends of minimum χ2 for age, [Z/H℄ and [α/Fe℄ of all obtained solutions.
In partiular, ages < 2 Gyr an be ompletely exluded due to the rapid degrade of
χ2 towards younger ages.
t parameters (Table 6.3) of the observed one and downgraded with the poissonian
observed noise. The obtained distributions of [Z/H℄ and [α/Fe℄ are shown in Fig.
6.7. They all peak around the true original values (red vertial lines) demonstrating
that within the delared errors the obtained values are solid.
Furthermore I tested if the large error on the veloity dispersion ould aet these
results by performing the same analysis assuming σ = 300 km/s, and I found the
same best-t solution (4.1 Gyr, [Z/H℄= 0.6, [α/Fe℄= 0.41 with χ2 = 0.6).
Finally, in order to test the model dependene of this result, I repeated the same
analysis adopting the Bruzual & Charlot 2003 [7℄ models (BC03). These models do
not inlude the [α/Fe℄ parameter, hene I shall use them to onstrain age and total
metalliity solely. The BC03 models over a slightly lower Z range with respet
to TMJ models, and are based on dierent stellar evolutionary traks. The BC03
best-t orresponds to age 4.5 Gyr and metalliity [Z/H℄= 0.4 that is in fat the
maximum available value in this set of models. Hene the result of a high-age and
high-Z is not model dependent.
It is important to note the high metalliity is mainly derived as a onsequene
of the maximum allowed age of 4.5 Gyr. Should one allow the age to be older than
the age of the Universe, the metalliity will derease, as a result of age/metalliity
degeneray. Atually, the large error bar of both the indies and of σ prevents a real
preise measure of the metalliity, but the peuliarity of suh a strong Mgb absorption
band ombined with the narrow range of possible ages (due to its redshift), make
neessary the assumption of a very high value of the stellar metalliity.
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Real  = 0.61+0.06
-0.05
Mean = 0.62±0.05







Real  = 0.45+0.05
-0.19
Mean = 0.38±0.14
Figure 6.7: Distributions of [Z/H℄ and [α/Fe℄ derived for a set of 500 mok spetra built
on a model spetrum haraterized by the obtained best-t parameters (Table 6.3) of the
observed one and downgraded with the poissonian noise. The 2 distributions are well peaked
around the true original values (red vertial lines).
Table 6.3: Results: spetrosopi redshift (z spec) and veloity dispersion (σ) obtained from
this spetrosopi analysis; best-t values of age (Gyr), [Z/H℄ and [α/Fe℄.
z spec σ (km/s) Age (Gyr) [Z/H℄ [α/Fe℄
1.426 ± 0.001 385 ± 85 4.0+0.5−0.8 0.61+0.06−0.05 0.45+0.05−0.19
6.3 Disussion and onlusions
In this hapter I have desribed a detailed spetrosopi analysis of a z=1.426 ETG,
showing strong evidene of its very high stellar metalliity, α-enhanement and age
(Table 6.3). All these quantities bring information on the past star formation history
experiened by this galaxy. In partiular, [α/Fe℄ is stritly related to the time-sale
∆t of the galaxies star formation histories (Thomas et al. 2005 [116℄) quantifying
the time delay elapsed between the Type II supernovae events, responsible of the
formation of α-elements, and the Type I supernovae related to the formation of Fe
peak elements. The high value [α/Fe℄∼ 0.4 obtained for 307881 is a diret signature
that its star formation time-sale must have been short. In partiular, adopting the
simple theoretial modelling of Thomas et al. 2005 [116℄, where the star formation is
modelled with a Gaussian funtion, I alulated a star formation time-sale ∆t ∼ 0.1
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Gyr overing the interval within whih 95% of the stars were formed. Considering
also the old age of its stellar ontent, this suggests that 307881 formed the bulk of
its stars at zform > 5 within a short time-sale of ∆t ∼ 0.1 Gyr and then passively
evolved over the following 4 Gyr.
With the high [α/Fe℄ value suggesting a short star formation time sale of 307881,
the lear indiation of its extremely high metalliity opens new issues on the gas
enrihment history of the Universe. It is worth emphasising that the global integrated
metalliity of the loal ETGs never reahes values higher than 1 − 2 Z⊙. Indeed, I
onsidered the loal sample analysed in Thomas et al. 2010 [117℄ and quikly veried
that the metalliity and [α/Fe℄ values of 307881 together with its veloity dispersion
estimate, are not inluded in the loal distribution of values, even if suh high values
of Z and [α/Fe℄ are expeted for dense ETGs as suggested by these saling relations
(see a more detailed argumentation of this in Chapter 7). Thus, this indiates that
this galaxy must experiene mass aretion events (minor merging) from z= 1.4 to
z= 0 whih will move it on the observed loal saling relations towards lower values
of both Z and σ, diluting the extreme metalliity stars and onning them in the
entral part of the galaxy. Indeed, suh extreme metalliity values are in some ases
found in the inner ore of loal massive ETGs (Thomas et al. 2005 [116℄, Trager et
al. 2000 [120℄, Martin-Navarro et al. 2015 [73℄) whih are known to show metalliity
gradients (La Barbera et al. 2012 [53℄). I alulated that adding e.g. 15% of a
sub-solar metalliity omponent, as in the ase of dwarf galaxies, to 307881 would
derease the measure of its average metalliity to the loal observed values. On the
other hand, the gas metalliities up to now measured in z> 3 star forming galaxies
result to be solar or subsolar, and do not math at all the high stellar value measured
in this target galaxy (Mannui et al. 2009 [67℄) and in the enters of loal ETGs
(Spolaor et al. 2008 [110℄). It is out of the aims of this thesis to suggest a possible
explanation of this missing detetion of high-z high metalliity gas. A possibility is
that the lower gas metalliity omes from dilution through infalling primeval gas, or
seletive mass loss of metals in galati winds. At the same time, the estimate of the
metalliity of the Broad Line Regions in quasars at z> 4 reveals gaseous metalliities
even higher than the stellar one reported here (Juarez et al. 2009 [42℄), suggesting
the possibility that their enrihed gas is involved in the initial star formation events




measure in z > 1.4 ETGs
The stellar population properties, suh as age and metalliity, enlose preious infor-
mation to derive the past formation and evolution of early-type galaxies (ETGs) at
eah osmi epoh, from the loal Universe to high redshift. The loser we approah
the epoh of their early phases of evolution, the more we omplete the puzzle of their
star formation history, obtaining more diret probes on the preursors of the well
known loal elliptials.
Indeed, in the loal Universe, where data are easily obtained and analyzed, the
stellar properties of old ETGs ould have been mixed up by any possible evolutionary
event, preventing the possibility to derive their detailed star formation histories. On
the other hand, dealing with high redshift data, harder to be obtained and treated,
allows to get foused details on the evolutionary status of young ETGs and uniquely
permits to over the gap between their formation and the beginning of later evolu-
tionary events like minor and/or major merging. Moreover, the onsiderable younger
ages of the high-redshift systems (age < 2 Gyr) gives the important advantage of
greatly reduing the well-known age-metalliity degeneray, making the measure-
ments of these two parameters possible even if with low S/N ratios spetrosopi
data.
The hemial ontent of stellar systems is stritly onneted with their formation
mehanisms from the primordial gas and with the time-sale on whih the star for-
mation has taken plae (Thomas et al. 2005, 2010 [116℄, [117℄, Spolaor et al. 2010
[110℄, Lonoe et al. 2015 [64℄). Moreover, the same information oupled with a pre-
ise estimate of the ages of the stellar omponent an be exploited to understand if
natural ageing proesses or other evolutionary paths drive the evolution of this lass
of galaxies.
The stellar population properties, in partiular the metalliity, an be ea-
iously derived by a detailed spetral analysis exploiting the measurements of spe-
tral indies as it is usually done in the loal Universe studies (Thomas et al. 2010
[117℄, Spolaor et al. 2010 [110℄). Up to now, only few pioneering works (Cimatti et
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al. 2008 [16℄; Onodera et al. 2012 [81℄; Jorgensen & Chibouas 2013 [40℄; Lonoe
et al. 2014 [63℄; Gallazzi et al. 2014 [29℄; Jorgensen et al. 2014 [41℄) have been de-
voted to the analysis of spetral indies of high-z ETGs, and they are mostly based
on the measure of few indies (age estimator), on low resolution data. A way to
obtain a solid estimate of the age and metalliity of individual high-z ETGs is to
derive the ombined measure of many spetral indies on a wide spetral range in
order to remove any residual age-metalliity degeneray and to take into aount the
ontributions from all the stars. In partiular, beside the lassial optial Lik/IDS
system (i.e.: Hγ, Hβ, Mgb, et..), newly explored spetral indies in the UV region
(i.e.: MgI, MgII, Mgwide, BL3096, BL3580, et...) an be exploited when studying
high-z galaxies thanks also to the reent developing of high-resolution models in the
UV region (Maraston et al. 2009).
In the work of Chapter 6 I estimated for the rst time the stellar metalliity and
the α/Fe abundane ratio of an individual ETG at z > 1.4 in the COSMOS eld
thanks to the measure of many spetral indies, in partiular in the optial band (e.g.
Mgb). In this hapter I omplete the analysis adding new lues on COSMOS-307881
by means of the UV indies, and I extend the determination of the metalliity to a
total sample of 4 ETGs at z > 1.4.
7.1 The sample
The analyzed sample is omposed by the only 4 ETGs in the redshift range 1.4 <
z < 2, seleted on the basis of the availability of their X-Shooter spetrosopi
data. As well explained in Se. 4.3, X-Shooter provides wide spetral overage data,
from the UV band to the near-IR one, allowing to deal with many spetral indies.
In partiular, two objets are in the COSMOS (Cosmologial Evolution Survey)
eld (MCraken et al. 2010 [76℄), and the other two have been seleted from the
UKIDSS-UDS (Ultra Deep Survey) eld (Lawrene et al. 2007 [55℄, Williams et al.
2009 [133℄).
In partiular, COSMOS-307881 has been already analyzed in the previous Chap-
ter 6 by means of the same spetrum presented in this work, and the other 3 targets,
COSMOS-7447, UDS-19627 and UDS-29410 have been already analyzed by means
of the same spetrosopi data in the work of van de Sande et al. 2013 ([127℄ and
referenes therein), where the authors performed the measurement of the veloity
dispersion exploiting the high resolution of X-Shooter data. In this work, more de-
tailed information on the spetral analysis of COSMOS-307881 will be disussed, in
partiular regarding the blue-UV spetral range, and a full desription of the stellar
population ontent of the other three galaxies, obtained from the analysis of a wide
ombination of spetral indies, will be given to omplete the available knowledge
on this rare and preious high-redshift sample of ETGs.
The 4 ETGs are all bright (K . 20), massive (M = 1011M⊙) and dense ob-
jets (σ > 270 km/s), and their passivity has been heked thanks to the available
broadband photometry (van de Sande et al. 2013 [127℄ and Fig. 7.1-7.4) and will be
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Table 7.1: Main information about the sample of ETGs: K-band magnitude in AB system
(K); spetrosopi redshift (z spec); logarithm of the stellar mass (logM∗) derived from SED
tting assuming a Chabrier IMF [12℄; eetive radius (Re); observed veloity dispersion (σ).
Units of right asension are hour, minutes and seonds, and unites of delination are degrees,
arminutes and arseonds.
ID RA DEC K z spec logM∗ Re σ
(AB) (M⊙) (kp) (km/s)
307881 10:02:35.64 02:09:14.36 19.44 1.426 11.50 2.68±0.12 385±85a
7447 10:00:06.96 02:17:33.77 19.64 1.800 11.27 1.75±0.21 274±51b
19627 02:18:17.06 -5:21:38.83 20.19 2.036 11.24 1.32±0.17 287±39b
29410 02:17:51.22 -5:16:21.84 19.36 1.456 11.29 1.83±0.23 355±98b
a
measured by Lonoe et al. 2015.
b
measured by van de Sande et al. 2013.
onrmed by this spetrosopi analysis (Se. 7.2). The regular elliptial morphol-
ogy has been also arefully veried on the available HST (Hubble Spae Telesope)
(Szomoru et al. 2010 [112℄) or UKIDSS-UDS (Lawrene et al. 2007 [55℄) deep imag-
ing. All the information about the sample are listed in Table 7.1: spetrosopi
redshift, stellar mass, eetive radius and veloity dispersion. For any further infor-
mation I refer to the work of van de Sande et al. 2013 [127℄ and Lonoe et al. 2015
[64℄ (and all referenes therein).
7.1.1 Spetrosopi data
Observations exploited in this work have been all arried out with the X-Shooter
spetrograph on the VLT (see Se. 4.3). The great advantage of using X-Shooter is
that it allows to obtain high-resolution spetra on a very wide spetral range with a
single exposure; in partiular, it onsists of three arms: UVB, VIS and NIR, overing
together a wide spetral window from 3000 Å to 24800 Å with a mean resolution
R ∼ 6500.
Reent papers, van de Sande et al. 2013 [127℄ and Lonoe et al. 2015 [64℄, have
extensively presented the X-Shooter data on whih this work is based. In Table 7.2
I just summarize their main harateristis.
The observing strategy for all the observations is the standard division in exposure
bloks with an alternated ABA'B' dithering of the vertial soure position in the slit.
Close to the soures aquisitions, standard stars have been observed during the same
nights.
The data redution has been performed by means of the publi ESOREX pipeline
(Goldoni et al. 2006 [34℄) as far as onerning the rst steps of the proess, while
the main proedure has been arried on with the standard IRAF tools [140℄. More
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Table 7.2: .
ID Period Exposure time slit program ID
307881 February 9th, 2011 4.3h 0".9 086.A-0088(A)
7447 January 22th, 2010 1.8h 0".9 084.A-1082(A)
19627 Otober, 2009 1h+3h 0".6+0".9 084.A-0303(D)
29410 July, 2010 1.7h 0".9 085.A-0962(A)
a
measured by Lonoe et al. 2015.
b
measured by van de Sande et al. 2013.
in details, I relied on the pipeline for the standard alibration steps (orretion for
bias, dark, at, et...), heking the produed output of every single step. Partiular
are has been given to the identiation of the spetral orders, their straightening
and the wavelength alibration, where spei hand-made heks have been applied
in order to ontrol the pipeline outputs. Furthermore, in eah redution step where
the position of the soure was involved, I made use of an external ode whih iden-
tied its exat position along the slit with high preision; indeed, the faintness of
our high-redshift objets makes diult their identiation over the noisy underly-
ing sky, and the ESOREX tools fail to do this identiation automatially. During all
these rst proesses of the pipeline, I proeeded following the stare mode in order
to obtain at the end a single, orders merged, wavelength alibrated, bidimensional
spetrum for eah observing blok. I ompleted the data redution by means of IRAF
performing the sky subtration, the monodimensional spetrum extration and its
ux alibration. Indeed I veried that the sky subtration of all the targets was
more aurately obtained by means of the IRAF tools ombined with the possibility
to exploit the A-B observing pattern with respet to the ESOREX pipeline. The on-
strution of the sensitivity funtion has been performed starting from the redued
standard stars produed by ESOREX.
The redued spetra of the 4 galaxies an be seen in Fig. 7.1-7.4 (blak lines).
The three spetral windows oming from the three X-Shooter arms (UVB, VIS and
NIR) are onneted at ∼ 5600Å and ∼ 10200Å (vertial dashed blue lines) with
the help of the available photometri data (green diamonds). The UVB region of
COSMOS-307881 and UDS 29410, due to their lower redshift, did not reveal any
non-zero signal, thus it has not been inluded in the analysis and in Fig. 7.1, 7.4. In
the NIR region, all the strong atmospheri absorptions have been masked by means
of grey shading. For eah galaxy, a representative MS11 model obtained from the
analysis desribed in the following setions is shown (red lines).
In partiular, in these gures the observed spetra (blak lines) have been down-
graded to math the spetral resolution of the models that will be used during the
analysis (i.e. models based on the MILES stellar library with a restframe FWHM
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= 2.55 Å). This orretion is neessary also to gain a higher S/N ratio whih is nally
resulting within 4 − 7 per dispersion element (i.e. 1.8 Å in the UV and VIS arms
and 2.0 Å in the NIR arm), depending on the spetral range.
7.2 Analysis
The wide spetral extension of the X-Shooter data (see Se. 4.3) allows the mea-
surement of many spetral indies in dierent spetral regions whih bring a lot of
information about the stellar ontent of the stellar populations. In partiular, thanks
also to the high-redshift nature of the galaxies of the analyzed sample, the restframe
UV region an be investigated to reveal further hints on their stellar population
properties. Therefore, in this analysis, for the rst time, it has been possible to put
together the information extrated by all the indies not only in the usually analyzed
optial restframe region, but also in the newly explored UV band.
All the measured indies values are shown in Table 7.3. Note that not all the
indies have been measured for all the objets as the redshift and the spetrum quality
(atmospheri absorption regions, telluri residuals, arms onnetions...) depends on
the target. This fat will lead to a spei analysis of eah galaxy of the sample,
as it will be disussed below. Errors have been derived by means of a Monte-Carlo
approah, in whih starting from the observed spetrum I simulated many times
(> 5000) the eet of the poissonian noise in eah spetral region involved in eah
index, and measuring the orresponding index values to obtain a distribution whose
width is identied as the statistial error.
Within the optial band (restframe) analysis, I measured most of the well-known
Lik/IDS system indies (Worthey et al. 1994 [135℄), following the band-passes
denitions proposed by Trager et al. 2000 [120℄, together with the Hδ and Hγ index
denitions by Worthey & Ottaviani 1997 [136℄. This widely used set of indies has
been revealed to be preious for the investigation of stellar population properties of
ETGs both in the loal (Longhetti et al. 2000 [60℄, Poggianti et al. 2001 [92℄, Thomas
et al. 2010 [117℄) and medium-z Universe (Jorgensen & Chibouas 2013 [40℄, Gallazzi
et al. 2014 [29℄). Interestingly, thanks to new studies on the hemial abundane
dependene of the Lik indies, it has been possible to derive information also on the
α-enhanement value of elliptial galaxies stellar populations, that is onneted with
the time-sale within whih the star formation has ourred. In partiular, in this
work I adopted the models of Thomas Maraston & Johannson 2011 [118℄ (hereafter
TMJ) based on the MILES library (Sanhez-Blazquez et al. 2009 [100℄), for the
omparison of the measured Lik indies, in order to take advantage of this further
element in the stellar population analysis.
Reently, beause of the inreasing number of available spetrosopi sample of
high-redshift galaxies, new sets of spetral features in the blue-UV (restframe) part
of the spetrum have been tested and alibrated (Ponder et al. 1998 [93℄, Maraston
et al. 2009 [70℄). The UV indies, historially dened by Fanelli et al. 1990 [26℄
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Table 7.3: Values of all the measured indies, from the UV to the NIR region, for the 4
ETGs: COSMOS-307881, COSMOS-7447, UDS-19627 and UDS-29410. Blanks mean that
the measure of those indies ould not be done due to the spetrum quality in that spetral
region.
Index COSMOS-307881 COSMOS-7447 UDS-19627 UDS-29410
BL(1617) - -0.224±1.535 4.856±1.781 -
BL(1664) - 5.112±1.326 4.105±1.880 -
BL(1719) - 3.846±1.006 -1.071±1.761 -
BL(1853) - 4.010±1.022 - -
FeII(2402) - 5.856±1.246 4.514±2.126 -
BL(2538) - 4.353±1.301 10.540±1.656 -
FeII(2609) - 5.460±0.865 6.918±1.259 1.648±3.072
MgII 13.997±2.793 12.397±0.788 13.024±1.283 13.616±2.267
MgI 13.177±2.062 2.501±0.822 3.429±1.278 10.406±1.832
Mgwide 51.407±7.506 19.627±14.523 9.433±3.826 8.786±6.660
FeI(3000) 9.596±3.724 - 3.714±2.760 -
BL(3096) 0.714±1.903 - - -
NH(3360) 14.088±1.827 4.380±3.464 - 0.969±2.723
BL(3580) 8.988±1.797 - - 11.099±2.102
CN(3883) 0.162±0.067 0.067±0.032 - 0.116±0.053
H+K(CaII) - 0.994±0.370 0.289±0.087 -
D4000 2.435±0.115 1.449±0.063 1.695±0.036 1.747±0.038
Dn4000 2.420±0.117 - 1.434±0.040 1.379±0.042
CN(4170) - -0.333±0.034 -0.043±0.034 -
HδA - - 4.927±1.263 7.856±1.138
HδF - 8.985±0.685 4.870±0.869 -
Ca(4227) - -0.073±0.566 -0.011±0.742 -
HγA - 10.675±0.861 8.3684±1.244 6.299±1.431
HγF -1.559±0.918 7.911±0.535 8.004±0.775 5.220±0.940
G4300 6.515±1.117 -3.916±1.153 0.703±1.310 3.435±1.382
Fe(4383) 7.398±1.737 -1.453±1.453 - -
Ca(4455) 1.063±0.828 -0.475±0.748 - -
Fe(4531) 3.199±1.396 1.865±1.194 - -
Fe(4668) - - - -
Hβ 2.520±0.931 - - 2.781±1.176
Fe(5015) 3.886±1.909 - -5.628±1.676 2.456±2.370
Mgb 5.750±0.812 - 4.063±0.675 1.624±1.548
Fe(5270) - - 1.614±0.762 1.733±1.367
Fe(5335) - - -2.629±1.046 0.855±1.478
Fe(5406) - - -1.156±0.861 -
Fe(5709) - 0.820±0.775 0.970±0.582 -
Fe(5782) - 0.923±0.720 - -
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the underlying stellar population, being related to various elements absorptions and
blends. However, up to now a omplete modelling of the UV indies inluding also
the α-enhanement dependene of eah index is not yet available. Consequently,
from this set of indies we are able only to give onstraints on age and metalliity
assuming a solar hemial omposition. As far as the UV indies measured in this
work I assumed the modelling of Maraston and Strömbäk 2011 [72℄ (hereafter MS11)
based again on the MILES library.
Summarizing the adopted models, I merged the TMJ models with the MS11
models, adopting the former to derive the expetation of Lik indies in the optial
band and MS11 for all the other bluer indies. In partiular, TMJ models diretly
provide the indies values at the MILES spetral resolution (i.e. 2.5 Å restframe),
while MS11 models provide the whole template SEDs (at the same MILES resolution)
on whih the measure of the indies an be performed. The onsisteny of the two
models has been already disussed in Maraston and Strömbäk 2011 [72℄.
The analysis of spetral indies of high-z ETGs must be arefully treated. Indeed,
z > 1.4 ETGs ontain rather young stellar populations (age∼ 1−2 Gyr), and at these
ages the spetral indies trends with age and metalliity have partiular behaviours
due to the quik hanges in the spetral features of young stars. This is not the ase
for example of loal ETGs analysis, whih are old (age >> 5 Gyr) and for whih
indies trends are very stable in their dependene with stellar parameters.
Thus, with the aim of deriving onstraints on the stellar age and metalliity of
the sample galaxies, a separation between age-dependent and metalliity-dependent
indies must be done, even if, as just stated, these dependenes depend on the age
of the analyzed stellar population. Indeed, the same index (both UV or optial) an
hange its sensitivity on stellar parameters depending on the explored ages range.
As an example of this behaviour, in Fig. 7.5, the trends of two indies, one UV
index, FeI(3000), and one Lik index, Mgb(5175), are shown as a funtion of the
age of the stellar population for 3 dierent stellar metalliities, subsolar (blue lines),
solar (blak lines) and supersolar (red lines). From Fig. 7.5 it an be notied that
for ages < 1 Gyr both indies are solid age-indiators sine the 3 metalliity lines are
almost oinident and show an inreasing trend with age, while for older ages they
beome good metalliity-indiators.
Moreover, also the measured value of the index itself an be helpful in some
ases to disriminate the age or the metalliity of a stellar population, as happened
for example in the ase of COSMOS-307881 desribed in Chapter 6 (Lonoe et al.
2015 [64℄), where the extremely deep Mgb absorption feature ould be explained only
assuming high metalliity values and old ages of its stellar ontent.
Therefore, the most eient way to extrat information from the many spetral
indies I ould measure was to operate a single-ase analysis for eah index and for
eah objet. In details, looking at the peuliar trends of an index, at its measured
value and at the redshift of the galaxy, for eah objet I lassied eah index as age-
indiator or metalliity-indiator. I have heked that if all the indies are analyzed
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Figure 7.5: Examples of the dierent trends with age of two representative spetral indies,
i.e. FeI(3000) and Mgb, for MS11 and TMJ models respetively, for dierent stellar metal-
liities: subsolar (blue lines), solar (blak lines) and supersolar (red lines). For ages < 1 Gyr
both indies are solid age-indiators sine the 3 metalliity lines are almost oinident, while
for older ages they beome good metalliity-indiators given the spreading of the lines.
112
7.2. ANALYSIS
together without taking into aount their own peuliarities, the results would be
less onstrained (i.e. with larger unertainties) sine residuals of the age-metalliity
degeneray are left. A similar eet is also found if a separation between blue indies
and Lik indies is adopted: the results point to the same parameters values but the
degeneray is more marked.
In Fig. 7.6-7.12 for eah galaxy of the sample the values of only the indies
(blak ross) used in the nal analysis are shown as a funtion of the most solid age-
dependent index D4000 in omparison with the expetations of the stellar population
models (oloured lines); MS11 models for blue-UV indies and TMJ models for Lik
indies. Some of the measured indies presented in Table 7.3 have been not inluded
in the nal analysis beause they have been onsidered not signiant due to their
large error bar or to their modelling that did not add any useful information.
For the analysis of eah single objet I proeeded as follows: I rstly ompared
by means of a χ2 minimization proess the values of the set of age-dependent indies
with the merged MS11-TMJ models (desribed above) assuming age from 0.1 Gyr to
the limit of the age of the Universe determined by eah galaxy's redshift at step of 0.1
Gyr, and metalliity from [Z/H] = −0.30 to 0.30 at step of 0.01. The best-t solution
and the distribution of all the tting-solutions with similar assoiated probabilities
thus provided the indiation of the age value of that stellar population with its error.
The same proess was then repeated with the set of metalliity-dependent indies
but inluding the onstraint imposed by the previous age analysis, i.e. with ages
running only in the range indiated by the age-dependent indies, and thus deriving
the best tting metalliity values. All the results are summarized in Table 7.4.
I also repeated all the same proedure exluding the ontribution of Balmer lines
indies (e.g. Hβ, Hγ, Hδ) in order to verify that eventual residuals of star formation,
whih ould aet these indies, or any younger minor stellar omponent would not
alter the obtained results. As an be seen in Table 7.4, the results obtained in the
two ases, with and without the Balmer lines indies, are onsistent.
The information on the α-enhanement, haraterizing the stellar ontent of the
sample galaxies, an be derived only from the Lik indies using TMJ models. This
measurement is still very ompetitive in the distant Universe and I am aware that
with these spetrosopi data only an indiative estimate of this parameter an be
obtained. Thus I tried this estimate omparing the set of Lik indies with TMJ
models again through a χ2 minimization proess, with age running again from 0.1
Gyr to the limit of the age of the Universe at step of 0.1 Gyr, overing a wide range
of metalliities (not explored by MS11 models) from [Z/H] = −2.25 to 0.67 at step
of 0.01, and with [α/Fe℄ values in the range from −0.30 to +0.50 at step of 0.01.
The obtained results are shown in Table 7.5.
All the results appeared in Table 7.4 and 7.5 will be disussed in the next Se.
7.3.
A speial ase is that of 307881 already disussed in Chapter 6 (Lonoe et al.
2015 [64℄). In the previous work only the Lik indies have been analyzed and they
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Figure 7.6: 307881. All the used indies (blak rosses) as a funtion of the most solid age-
dependent index D4000 in omparison with the expetations of the stellar population models;
subsolar metalliity (blue lines), solar metalliity (blak lines) and supersolar metalliity (red
lines); MS11 models for blue-UV indies and TMJ models for Lik indies. Ages run from
0.1 to 5 Gyr (the limit of the Universe age at this redshift).
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Figure 7.7: 307881. Continued.
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Figure 7.8: 7447. All the used indies (blak rosses) as a funtion of the most solid
age-dependent index D4000 in omparison with the expetations of the stellar population
models; blue lines are for subsolar metalliity, blak lines for solar metalliity and red lines
for supersolar metalliity; MS11 models are adopted for blue-UV indies and TMJ models
for Lik indies. Ages run from 0.1 to 4 Gyr (the limit of the Universe age at this redshift).
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Figure 7.9: 7447. Continued.
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Figure 7.10: 19627. All the used indies (blak rosses) as a funtion of the most solid
age-dependent index D4000 in omparison with the expetations of the stellar population
models; blue lines are for subsolar metalliity, blak lines for solar metalliity and red lines
for supersolar metalliity; MS11 models are adopted for blue-UV indies and TMJ models
for Lik indies. Ages run from 0.1 to 4 Gyr (the limit of the Universe age at this redshift).
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Figure 7.11: 19627. Continued.
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Figure 7.12: 29410. All the used indies (blak rosses) as a funtion of the most solid
age-dependent index D4000 in omparison with the expetations of the stellar population
models; blue lines are for subsolar metalliity, blak lines for solar metalliity and red lines
for supersolar metalliity; MS11 models are adopted for blue-UV indies and TMJ models
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Table 7.5: Results obtained from the analysis of only the Lik indies ompared with TMJ
models. Thanks to TMJ models, an indiation of the [α/Fe℄ values an be hinted, together
with again the age and metalliity.
ID Set of used indies Age [Z/H℄ [α/Fe℄ Probability
(Gyr) (%)


























revealed a very metal rih and α-enhaned stellar population, as realled in Table
7.5. The extended analysis presented here whih inludes the information brought
from bluer indies, onrms the result onerning its old age and high metalliity.
However, this wider analysis seems not to require so high values of the metalliity,
even if the obtained besttting value is very lose to the upper modelling limit. In
fat, I notied that some UV indies are not onsistent with the proposed models,
showing a systemati lower values that a higher metalliity annot explain. I speu-
lated that probably part of the UV indies are aeted by the so-alled UV up-turn
phenomenon. This hypothesis will be disussed in the next dediated Subsetion
7.2.1.
7.2.1 COSMOS-307881: UV up-turn
It is well known that the emission in the UV region is prinipally dominated by the
hot omponent of the stellar population ontributing to the whole galaxy emission.
Generally, the hot omponent is assoiated with young stars (age < 1 Gyr) in their
early evolutionary phases. However, there is the possibility that also in old stellar
populations (age> 1Gyr) old stars an beome UV-bright after a post main-sequene
phase of suient mass loss (Greggio & Renzini 1990 [35℄). This phenomenon is the
so-alled UV up-turn, reently reviewed by Yi & Yoon [138℄. The eet of the UV
up-turn on the spetrum shape is learly visible in the extreme far UV (around
1000 − 2000 Å), but also many spetral indies in the ∼ 2500 Å region are aeted
by this peuliar emission (e.g. MgII(2800), MgI(2852) and FeI(3000)).
Up to now, this phenomenon is not yet fully understood and its origin is still under
debate. One of the most aredited possibilities, proposed by Greggio & Renzini
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1990 [35℄, is that post main-sequene stars with an enough high-metalliity ontent
do inrease signiantly the opaity in their stellar atmospheres thus ausing mass
loss during their long horizontal branh phase. Consequently, the internal hotter
shells beome the responsible of the dominant emission.
Among the 4 analyzed sample, COSMOS-307881 is a good andidate where test-
ing this hypothesis for the UV up-turn. Indeed from the previous analysis we know
that this objet has an old (∼ 4 Gyr) and very metal-rih stellar population, and we
ould detet the signature of the UV up-turn within its measured UV indies (see
Fig. 7.6 and Table 7.3): a disrepany between the measured values of some UV
indies (e.g. MgII(2800), MgI(2852) and FeI(3000)) and the models previsions has
been found and it annot be explained even assuming higher metalliity values.
Reently, the work of Le Cras et al., in preparation, has explored the population
of UV up-turn galaxies (both late-type and ETGs) in a wide sample of galaxies up to
z ∼ 0.6, nding that a signiant fration of the sample (47%) shows the signatures
of this phenomenon. In order to reveal the UV up-turn eet, the authors investi-
gated the values of the prinipal UV spetral indies ompared with partiular stellar
population models whih inlude the mass loss eet in the evolutionary traks. This
modelling, built by the authors for this purpose, is based on the models of Maraston
et al. 2009 [70℄ and the dierenes with the standard models raise at ages older than
1 Gyr (see Le Cras et al., in preparation, for further details), where the eet of the
old stars UV emission starts dominating. I thus exploited this new modelling in the
omparison with the 3 UV indies MgII(2800), MgI(2852) and FeI(3000), whih are
found to be the most sensitive to the UV up-turn eet and at the same time whih
are the most aeted by the observed disrepany with the standard models (Fig.
7.6).
The omparison is shown in Fig. 7.13, where it is lear that MS11 models are
not able to over the measured values of these 3 UV indies in COSMOS-307881, for
any of the explored metalliities (subsolar are blue lines, solar are blak lines and
supersolar are red lines). In partiular for MgII(2800) and MgI(2852), I also veried
if a high value of the α/Fe ratio as the one that seems to haraterize this galaxy ould
help explaining the deteted disrepany: dashed lines indeed are the previsions of
an α-enhaned stellar population with [α/Fe℄= 0.3 derived applying to the indies
values the expeted variations due to α-enhanement as the ones alulated for the
Mg optial values. Indeed, it is worthy to note that up to now models with the
ontribution of the α-enhanement in the UV region are not yet available. From
both upper and middle panels of Fig. 7.13 it an be seen that the inreasing of
[α/Fe℄ value annot ontribute to explain the measured indies values. Only the UV
up-turn models (with solar metalliity), green-rossed lines, are able to get loser in
the diretion of the observed values and to explain the stellar ontent of this objet,
even if their expeted values do not totally over the observed ones. This is due to
the up to now lak of up-turn models with supersolar metalliity values, whih we
know they would be more suitable for this objet.
Obviously, I annot laim that this objet ertainly shows the UV up-turn ef-
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Figure 7.13: MgII, MgI and FeI(3000) vs D4000 for COSMOS-307881 (blak rosses)
in omparison with stellar population models (MS11) for dierent metalliities: subsolar
metalliity (blue lines), solar metalliity (blak lines) and supersolar metalliity (red lines).
Solid lines are for solar value of [α/Fe℄ and dashed lines are for supersolar value of [α/Fe℄
derived as projetions of Magnesium indies values from TMJ Mgb(5175Å) index. The




fet beause it should be onrmed by exploring also the more extreme UV spetral
region (around 1000 − 2000 Å) where this signature is more evident, but I am on-
dent that this phenomenon is the only one that is able to explain the values of
our UV indies without aeting those of all the other redder indies. Moreover, I
speulated that the presene of a bright-UV old stellar population is also the respon-
sible of the deteted [OII℄(3727Å) weak emission, as already hinted in Lonoe et al.
2015. Indeed, loating COSMOS-307881 on a BPT diagram involving [OII℄(3727Å),
[OIII℄(5007Å) (null ux) and Hβ (in absorption) as shown in Thomas et al. 2013
[119℄, I ould lassify this objet as a LINER (Low-ionization nulear emission-line
region) galaxy. It is known from optial spetrosopi studies that a signiant fra-
tion of elliptial galaxies with their old stellar populations belong to the LINERs
population (Yan et al. 2006 [137℄), although the ionization mehanism in LINERs
is still under debate (Annibali et al. 2010 [1℄). One of the most aredited senario
is that photo-ionization by old post-asymptoti giant branh stars is the responsi-
ble of the atomi exitations sine their radiation is able to reprodue the observed
emission-line ratios in LINERs (Trinhieri & di Serego Alighieri 1991 [124℄). My
hypothesis is that the same old population responsible of the UV up-turn eet no-
tied in the altered values of UV indies, ontributes also to the exitation of some
residual gas in the interstellar medium of this ETG, thus ausing the deteted [OII℄
weak emission.
7.3 Disussion
In this setion, all the results obtained from the indies analysis (Table 7.4 and 7.5)
will be disussed. First of all, from this analysis we an learn that the stellar ontent
among the galaxies of the sample is not homogeneous, both in terms of age and of
metalliity. Indeed, the ages of their stellar population span a large range from < 1
Gyr (0.3 Gyr of COSMOS-7447) to 4 Gyr (of COSMOS-307881), and the metalliities
are found to over the range from the lower limit of the adopted models ([Z/H℄=
−0.3) to the very high values of again COSMOS-307881 ([Z/H℄= 0.61℄). Moreover
these two stellar population properties are not orrelated, with both younger and
older galaxies having both high and low metalliity. This information tells us that
also the star formation histories of these galaxies, their formation and evolution, are
not homogeneous.
More in details, for COSMOS-307881 I found (following the indiation of only
Lik indies, Table 7.5, as explained in Se. 7.2.1) an age of 4.0+0.5−0.8 Gyr, a very high
metalliity [Z/H℄ = 0.61+0.06−0.05 and a positive α-enhanement [α/Fe℄ = 0.45
+0.05
−0.19. For
COSMOS-7447 I well onstrained the age of 0.3±0.1 Gyr, I obtained an indiation of
a high metalliity [Z/H℄ = +0.26+0.04−0.4 , but I ould not estimate the α-enhanement,
sine indies are not fully onsistent with a single well dened value of this parameter.
I well onstrained the age of the stellar population of UDS-19627, 0.7± 0.1 Gyr, and
for this objet I found a very low metalliity [Z/H℄ = −0.30+0.2−0.0 (at the limit of the
used modelling) and a negative α-enhanement [α/Fe℄ = −0.18+0.2−0.12. Finally, for
125
CHAPTER 7. INDIVIDUAL STELLAR METALLICITY MEASURE IN
Z > 1.4 ETGS
UDS-29410 I deteted an age of 1.8± 0.3 Gyr slightly older than the other galaxies,
again a very low metalliity [Z/H℄ = −0.30+0.2−0.0, but a high value of α-enhanement
[α/Fe℄ = 0.42+0.08−0.1 .
The age estimates of the stellar ontent of the sample galaxies resulted to be the
more solid and reliable measure of the present analysis. Indeed, they resulted very
stable for any set of indies I have investigated. From the estimates of the age I
ould derive the relative epohs of stellar formation of these galaxies: with the only
exeption of the objet COSMOS-307881 that has a redshift of formation zform > 5,
the other three galaxies have formed the bulk of their stars in the not so far osmi
epoh around zform ∼ 2− 2.5.
The expeted following evolution of these galaxies from the epohs of observation
to z ∼ 0, an be explored omparing the stellar population properties I derived
from this analysis with the results that are found in the loal Universe. This is
usually done by means of the well known loal saling relations whih involve the
stellar parameters (age, metalliity and α-enhanement) and the veloity dispersion
(Thomas et al. 2010 [117℄). As a omparison set I adopted the sample of ∼ 50
loal ETGs analyzed in Spolaor et al. 2010 [111℄ in a similar way followed by the
present work. In partiular, in that work the stellar parameters are provided for the
same galaxy as measured both in the inner ore (within a radius of re/8) and at the
eetive radius (re, onsidered as the mean values of the global stellar population,
see Spolaor et al. 2010 [111℄). This double information is preious beause it not
only provides an indiation of the parameters gradients within the galaxies, but also
gives us a tool to understand if the ompat galaxies of our sample will beome the
enters of loal elliptial (Naab et al. 2009 [80℄, Huang et al. 2013 [37℄) or they will
experiene only an enlargement of their radius without aeting their stellar ontent.
The omparison is shown in Fig. 7.14. The stellar properties, age (top panel),
metalliity (middle panel) and α-enhanement (bottom panel) are plotted as a fun-
tion of the veloity dispersion at re/8. The entral (re/8) values of σ for the galaxies
of our sample have been derived from the global ones assuming the formula by Cap-
pellari et al. 2006 [9℄. Blak rosses refer to the entral values (re/8) of the loal
sample of Spolaor et al. 2010, and solid blak lines are the derived saling relation;
instead blue rosses and lines are the analogous referred to the mean values. Typial
error bars are positioned at the upper left orner of eah panel. Our objets are
labelled with green diamonds.
Our points (green diamonds in Fig. 7.14) oupy the right region of all plots
orrespondent to the higher values of the veloity dispersion. This is not surprising
beause our sample is omposed by ompat ETGs whih are typially found to be
more dense than the loal sample (Trujillo et al. 2009 [125℄).
As far as the age saling relation (Fig. 7.14, top panel), I have aged the stellar
populations of our objets assuming a pure passive evolution, in order to ompare
the results obtained at z > 1.4 with the loal Universe. The vertial green arrows
indiate this assumed evolution toward the z ∼ 0 values (small green diamonds). It
an be notied that these derived values are in a perfet agreement with the loal
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Figure 7.14: Comparison with the loal saling relations of age (top panel), metalliity
(middle panel) and α-enhanement (bottom panel) as a funtion of the entral veloity
dispersion (at re/8). Blak and blue rosses are respetively the entral (at re/8) and mean
values for the loal sample of ETGs analyzed in Spolaor et al. 2010 [111℄ with the derived
saling relation (blak and blue lines respetively). Typial error bars are positioned at the
upper left orner of eah panel. Green diamonds are the values of our sample of galaxies.
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saling relation, although I annot disriminate whether they follow the inner or
mean values saling relation, sine the two urves are degenerate in that range of σ.
I ould thus onlude that the star formation histories of the galaxies of the sample
are onsistent with a star formation happened at z > 2 (> 5 for COSMOS-307881)
followed by a passive evolution of at least the bulk of their stellar population.
But we an learn more about the evolution of their stellar ontent looking at the
metalliity saling relation (Fig. 7.14, middle panel). First of all it an be seen a
larger satter of the values in the [Z/H℄ vs σ plane, even if it is of the order of the
loal sample satter. Thus I ould infer that this is probably not due to the diulty
of the metalliity measure at high-redshift. In partiular, I remind that two objets,
UDS-19627 and UDS-29410, are positioned at the lower limit of the modelling (i.e.
[Z/H℄= −0.3), but probably they have lower metalliity values if models at lower
metalliities would have been available. The 4 galaxies follow two mainly distint
behaviours: COSMOS-307881 and COSMOS-7447 seem to lie on the loal saling
relation built with the enter values, while UDS-19627 and UDS-29410 on that one
built with the mean values.
This framework suggests dierent possibilities for both the formation and evolu-
tion of the galaxies of the sample. As far as COSMOS-307881, as already laimed in
the previous Chapter 6, its high metalliity value is expeted from the loal saling
relation whih requires suh values for high veloity dispersions. Indeed, a possible
explanation proposed by the model of Pipino &Matteui 2004 [90℄, is that high mass
objets are found to have formed in a rapid star formation burst with the onsequent
inreasing of the star formation eieny and thus of the metals prodution. This
senario is supported also by the high value of the α/Fe ratio of this objet (as shown
in Fig. 7.14, bottom panel), whih is stritly onneted with the star formation time-
sale as modelled by Thomas et al. 2005 [116℄, whih in this ase results to be very
short. Possible progenitors of this extreme objet are quasars at z > 4 observed to
ontain supersolar gaseous metalliities (Juarez et al. 2009 [42℄). Suh metalliity
values in the loal Universe are not found in the global values of loal elliptials, but
only in their enters as observed in many works foused on metalliity gradients of
loal ETGs (Trager et al. 2000 [120℄, Spolaor et al. 2008 [110℄, Martin-Navarro et al.
2015 [73℄). This means that probably COSMOS-307881 will experiene minor merg-
ing events with lower metalliity systems during its evolution toward z = 0, whih
are able to dilute both the veloity dispersion and the hemial ontent (Naab et al.
2009 [80℄). Indeed, low-mass systems (as dwarf galaxies) are expeted to ontain low
metalliity stars as it is observed in the loal mass-metalliity relation (Thomas et
al. 2005 [116℄). This interpretation is shown in Fig. 7.15, upper panel: COSMOS-
307881 probably omes from an even more metal rih situation (red arrow) and will
probably evolve in the diretion (yan arrow) of the ores loal saling relation (blak
line), dereasing both its metal ontent and its veloity dispersion by means of mass
aretion.
Dierent explanations must be found for the other 3 objets, whih, although
as massive and dense as COSMOS-307881, are onsistent with a lower metalliity
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Figure 7.15: Mass-metalliity relation: two possible senario for the evolution of the sample
galaxies (green diamond) in omparison with the loal relation of Spolaor et al. 2010 [111℄
(see Fig. 7.14). Upper panel: minor merging senario. Bottom panel: gas inow senario.
Red arrows for the formation and yan arrows for the evolution.
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stellar ontent. COSMOS-7447 shows a supersolar metalliity but its error bar makes
it onsistent also with subsolar values. A possibility similar to the previous one is
that, given their high mass and the arguments previously exposed, also these galaxies
have formed in a short burst at z ∼ 2 − 2.5 from high-metalliity gas, but their
metal ontent have been already diluted by merging events happened soon after
the formation and that involved all the galaxy, not only its external regions. This
possible senario is outlined in Fig. 7.15, upper panel: red arrows show the diretion
from whih the sample galaxies (green diamonds) are formed in the [Z/H℄ vs σ plane,
and yan arrows show their possible future evolution.
Still adopting the merging senario, we an also suppose that these 3 ETGs
have formed from a metal poor nebular gas as that of Lyman-break galaxies (LBG),
observed at z ∼ 3 as less metal enrihed than loal star forming galaxies (Mannui
et al. 2009 [67℄). Indeed, LBGs ould be the progenitors of z ∼ 1 ompat ETGs
(Williams et al. 2014 [134℄). In this ase the sample ETGs are formed in the
position as they are observed in the [Z/H℄ vs σ plane (Fig. 7.15, upper panel, not
onsidering the red arrows), and their evolution will bring them toward the region
of the less dense systems thanks to minor merging events with subsolar or at least
solar metalliity systems (yan arrows).
A seond possible senario is that of the old gas aretion (Fig. 7.15, bottom
panel): supposing again that these galaxies started their evolution from a metal
poor stellar omposition (and e.g. being the desendant of LBGs), old gas streams
reahing the inner part of ETGs would ativate new star formation events prolonged
in time, thus inreasing the metal ontent of these galaxies enters. Indeed, it seems
that eld ETGs are able to retain gas oming from evolving stars whih is able to
form new generation of metal rih stars (Peebles 2002 [87℄) . This is onsistent with
the results obtained in Chapter 5, where the onstant presene of small amounts of
young stars in z ∼ 1 ETGs is observed. This proess, as shown in Fig. 7.15 (bottom
panel) with the same notation as before, would leave the galaxies with metalliity
(and age) gradients, as it is observed in the loal Universe (Spolaor et al. 2010 [111℄,
La Barbera et al. 2012 [53℄). This senario however annot explain the evolution of
COSMOS-307881, as it is improbable that it will further inrease its metalliity, as
suh extreme values are not observed in the loal Universe.
Finally, from the bottom panel of Fig. 7.14, it is possible to give some indiations
on the star formation time-sale of the 3 galaxies for whih it was possible to derive
the values of the α/Fe abundane ratio, i.e.: COSMOS-307881, UDS-19627 and
UDS-29410. As already mentioned, high values of [α/Fe℄ mean short star formation
time-sales sine the lak of Fe peak elements is a sign that supernovae type Ia had
not enough time to explode before the star formation quenhing. Massive systems
are expeted to show high values of α/Fe (i.e., short star formation time sale), as
indiated by the loal mass-[α/Fe℄ saling relation. This is the ase of COSMOS-
307881 and UDS-29410, whih are onsistent with the loal saling relation (see Fig.
7.14, bottom panel), onrming the expetations of Thomas et al. 2002 [114℄ and
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Pipino &Matteui 2004 [90℄. UDS-19627 instead shows a subsolar value of [α/Fe℄ in
ontrast with the expetations. However its value is onsistent within the observed
satter of the loal saling relation, i.e. similar massive loal ETGs with low [α/Fe℄
do exist.
7.4 Summary and onlusions
In the previous setion I presented the rst metalliity and α/Fe estimate in 4 in-
dividual ETGs at z > 1.4 in the COSMOS and UDS elds. These measures have
been performed thanks to the unique possibility of analyzing many spetral indies
from the UV to the near-IR band given by X-Shooter spetra, that over a wide
spetral range with high resolution. In partiular, beside the optial Lik indies, I
have measured the newly explored UV indies (down to ∼ 1500 Å restframe). The
large number of indies I ould measure helped a lot in disentangling the residual
age-metalliity degeneray in the omparison with stellar population models. This
has been done onsidering the value of eah index and the stellar population hara-
teristis of eah objet. I obtained the results summarized in Table 7.6. I onstrained
the age of the 4 galaxies with a mean error of σAge ∼ 0.3 Gyr, the stellar metalliity
with a mean σ[Z/H] ∼ 0.12 and I gave an indiation of the α/Fe abundane ratio for
3 of the 4 objets.
All the 3 stellar parameters show an evident non-homogeneity within this sample
of ETGs, with the age of their stellar populations running from 0.3 to 4 Gyr near
the limit of the age of the Universe, and the metalliities overing the range from the
lower limit of the adopted models ([Z/H℄= −0.3) to the very high values of COSMOS-
307881 ([Z/H℄= 0.61℄). I thus ompared these stellar population properties of high-z
galaxies with those measured in the loal Universe as a funtion of the veloity
dispersion, i.e. by means of loal saling relations. Loal elliptials show lear
orrelations with the veloity dispersion, while the 4 analyzed high-z ETGs are
rather spread in the planes. An exeption is the age-mass relation from whih I
found that our galaxies are fully onsistent with a passive evolution of the bulk of
their stars. From the mass-metalliity relation two possible senarios an be inferred
to explain the metal enrihment history of these galaxies: the minor merging senario
whih dereases the global metalliity by means of the aretion of low-mass and low-
metalliity systems, and the old gas aretion whih instead is able to inrease the
metalliity of their enters giving an explanation of the metalliity gradients observed
in the loal Universe. Finally, from the mass-α/Fe relation I onrmed that the star
formation time-sale of massive ETGs is short (< 1 Gyr).
The results obtained in this work, given the large non-homogeneity of the stellar
populations parameters I have found, make interesting the possibility to extend this
analysis on a wider sample of high redshift ETGs. Indeed, it is of fundamental
importane to understand if the dierent behaviours of the dedued metal enrihment
histories of our 4 galaxies is onrmed and in whih proportions. I am aware that only
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Table 7.6: Results: best-t values of age (Gyr), [Z/H℄ and [α/Fe℄.






7447 0.3± 0.1 +0.26+0.04−0.40 -
19627 0.7± 0.1 −0.30+0.20−0.00 −0.18+0.20−0.12
29410 1.8± 0.3 −0.30+0.20−0.00 +0.42+0.08−0.10
a statistial onrmation of these ndings would signiantly onstrain the formation
and evolutionary models proposed for ETGs, although the preliminary results of this
work are telling us that probably there is not a unique evolutionary path for this lass
of objets transforming them in the loal elliptials population. Moreover, a learer
view of the relationship between the gaseous metalliity and the stellar metalliity
during the initial star formation proess of ETGs should be reahed in order to
math the observational evidenes found from high-z ETGs analysis and star-forming
galaxies studies at z > 3. Furthermore, it would be of great help for this kind of
analysis to have a set of stellar population models with the omplete dependene
on the hemial properties, that means overing a wide range of metalliities and
in partiular of α-enhanement values, in a wide spetral range (e.g. from UV to
near-IR) and not only for the Lik indies. This goal would allow to derive the α/Fe
abundane ratio also from UV restframe spetra, whih orresponds to the observed
optial band for z > 1 objets. A wider parameters range of models would be useful
also to strengthen analysis like the one desribed here based on X-Shooter spetra
whih inlude the measure of spetral indies from the UV to the optial restframe
wavelength range.
In onlusion, obtaining X-Shooter spetrosopi data for a omplete sample of
z > 1.4 ETGs together with new models with the α/Fe dependene of UV spetral
indies, would be the ideal tool to haraterize the star formation histories of ETGs.
Indeed, I have demonstrated that with a wide range of spetral indies, eah with
its peuliar dependene on age and metalliity, taking into aount all the harater-
istis of eah objets, we are able to disentangle the age-metalliity degeneray and
determine the metalliity and α/Fe abundane ratio for objets in an evolutionary
phase very lose to their formation and whih is revealing the hidden omplexity of




Early-type galaxies exhibit a sharp regularity of their morphologial, strutural
and stellar population properties in the well-studied loal Universe, making them a
favoured tool to investigate the formation and the evolution of the stellar strutures
in the Universe. Observations of the last 20 years have onrmed the homogeneity
of this lass of objets at least up to z ≈ 0.5 − 0.6, pushing the range of redshift
where studying their formation towards z > 1 and beyond.
This thesis is foused on the analysis of stellar population properties of distant
ETGs with the aim of putting new solid onstraints on their past formation and
on their possible following evolution toward the loal Universe. The two mainly
investigated stellar population properties in this work are the age (Setion 1.4) and
the metalliity (Setion 1.5). Ages are essential to date the epoh of formation of the
bulk of stars of ETGs, but also to understand, for example, if the stellar populations
are oeval at any redshift. The stellar metalliity reveals informations on the past
history of the Universe (when the metals involved in the star formation proesses
are reated), and when ompared with the loal stellar metalliities an provide
onstraints on the ETGs evolution. More preise information on the metal ontent
of ETGs is obtained by the estimate of α/Fe abundane ratio whih gives a lear
indiation on the time-sale on whih the star formation has ourred.
In the present work, all these properties have been derived thanks to high quality
(S/N& 10) spetrosopi data obtained with the most high-performing spetrographs
on the 8m VLT telesope, i.e. FORS2, VIMOS and X-Shooter, whih with their high
spetral resolution and wavelength overage have allowed to perform for the rst time
a detailed spetral analysis of individual high-z ETGs (Chapter 4). Indeed, this kind
of measure is still very hallenging at z > 1 beause of the faintness of the soures
and the onsequent diulty in obtaining high-quality spetra.
The prinipal tool used in this analysis to derive the stellar properties is the
measure of many spetral indies, solid indiators of both the age and the metal
ontent of the stellar populations (Chapter 2). In partiular, the ombined measure
of spei set of indies has been extremely eaious in revealing also hidden pe-
uliarities of the investigated stellar populations. All the relevant information on
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the age and metalliity of the analyzed ETGs have been extrated thanks to the
omparison with the most up-to-date set of models, whih aurately desribe the
spetral harateristis of the stellar populations (Chapter 3).
The work of this thesis has been arried out through three steps, eah of on
desribed in a single hapter of this thesis (Chapter 5, 6 and 7), and on the basis on
dierent samples of ETGs from z ∼ 0.7 to z ∼ 2. The rst work has been foused on
the analysis of the age of the stellar populations on a lower redshift sample of ETGs,
while in the other two, thanks to the availability of X-Shooter spetra whih over
a wider spetral range, it has been possible to give onstraints also on the hemial
ontent of a higher redshift sample of galaxies.
The key question to whih this thesis is addressed is the following: is the apparent
homogeneity of early-type galaxies observed in the loal Universe a natural onse-
quene of a ommon formation proess and thus always detetable at any redshift, or
individual evolutionary histories have shaped them to form the homogeneous lass
of loal elliptials? In other words, have all ETGs formed in a single star formation
event happened at high redshift (z > 3) and followed by the passive evolution of their
stars, or later star formation and/or assembly events have ourred also at z < 2?
The results obtained in this work tell us that the homogeneity observed in the
loal and intermediate Universe is not onrmed at z > 1. Indeed, ETGs of the ana-
lyzed z & 1 samples show a hidden omplexity in their stellar population properties,
despite of their morphology and olors whih appear quite homogeneous.
In the analysis of a sample of ETGS at 0.6 < z < 1.2, it has been found that, for
most of the sample the presene of small mass frations of young stars is deteted.
In some ases signs of reent star formation ativity, superimposed on the bulk of
stars whih resulted to be old and passively ageing, are revealed. This means that
some mehanism whih is able to trigger small episodes of star formation must at
in these early phases of evolution of ETGs and then progressively stop toward z = 0.
Moreover, I found that the younger omponent is present in the stellar population
of almost all the analyzed ETGs both at z ∼ 0.8 and at z ∼ 1.1, suggesting that
suh mehanism should operate onstantly in time. Furthermore, these ndings
are also onsistent with the results of olor gradients studies at z ∼ 1 whih give
indiations that the deteted younger stellar omponents are loated in the enter of
the galaxies. All these elements point toward the senario of the old gas inow in
whih a ontinuous infall of old gas takes plae towards the enters of ETGs after
their main star formation event. Indeed, part of the gas responsible of the formation
of the bulk of stars happened at z > 3, perhaps enrihed by the metals of the main
star formation event, an still be available and at disposal for very weak and onned
star formation episodes at z < 2 falling toward the enters of these elliptials. These
new star formation episodes are neessarily onneted with the gas reserve ontained
in eah galaxy, thus, as I observed, not for all high-z ETGs this phenomenon our
with the same strength.
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The seond work is based on the analysis of a single very peuliar massive ompat
ETG at z ∼ 1.4, COSMOS-307881. Indeed, the analysis of its stellar ontent revealed
an old age, high veloity dispersion and very high metalliity (Z ∼ 5Z⊙) and α-
enhanement. Its formation an thus be loated in a very distant epoh, i.e. z > 5,
and its high metal ontent suggest the possibility of the presene of very metal rih
gas at high redshift, similar to that haraterizing the gaseous disk of high redshift
quasars. Its high veloity dispersion is onsistent with its moderate ompatness and
high mass. Following the loal saling relations, its high veloity dispersion is also
onsistent with the observed high metalliity and high α-enhanement. Sine objets
with suh extreme harateristis are rare to be observed in the loal Universe, some
proesses able to dilute both its veloity dispersion and its metalliity must our
during its future evolution toward z = 0 in order to math the loal saling relations.
A possible proposed mehanism onsists of minor merging events with small and
low-mass systems, in order to not inrease the nal stellar mass whih is already
high. This proess is indeed able to derease the global veloity dispersion thanks
to the onsequent redistribution of the stars, and the global metalliity, but leaving
the enter more metalli than the outskirts as generally observed in loal elliptials.
An other peuliarity of this galaxy omes from the analysis of the UV spetral
indies, whih shown a systemati deviation from the expeted stellar population
models prevision. I have attributed this disrepany to the UV up-turn observed in
many ETGs and whih seems to be onneted with old and metalli stellar popu-
lations. Up to now, models taking into aount this phenomenon are inomplete,
and my hypothesis needs to be onrmed. At the same time, if the UV upturn will
be onrmed for this galaxy, the observed high metalliity of this galaxy would be
fully onrmed also by UV indies; moreover, this ould also explain the presene
of the deteted weak emission of the [OII℄ that annot be asribed to residual star
formation.
Finally, the investigation of the metal ontent of high redshift ETGs has been
extended to a wider sample of 4 massive and ompat ETGs at z > 1.4. The analysis
of many spetral indies from the UV to the optial band (restframe) has revealed
a non homogeneous distribution of the metalliity and α/Fe abundane among the
galaxies of the sample. In details, in addition to the extreme high value of COSMOS-
307881, I found a solar metalliity objet and two very low metalliity objets. The
dierent metal ontent of these 4 ETGs suggests that they have formed and evolved
sine z ∼ 1.4 under the ation of dierent proesses. I have thus proposed two
possible dierent metal enrihment senarios for the 3 lower metalliity galaxies:
the minor merging senario whih ould be the responsible of the dereasing of the
metalliity thanks to the aretion of low-metalliity systems, and the old gas inow
that will at mainly in the enters of these ETGs ausing the inreasing of their
metalliity thanks to the proessing of enrihed gas. Indeed, without disturbing the
bulk of stars whih evolves passively, there is the possibility for ETGs to form new
stars in prolonged periods of their evolution thanks to small amounts of inowing
old gas in their enters, thus rejuvenating and metal enrihing the inner part of these
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systems. The latter hypothesis would be onsistent with what I have inferred from
the work on the lower redshift sample, i.e. with a ontinuous weak star formation
triggering ombined with a bulk of stars passively evolving.
Unfortunately, at the moment the two senarios annot be disriminated, and
the possibility that both the evolutionary senarios have taken plae in produing
the loal ETGs remain the most probable.
In onlusion, with this PhD thesis I have demonstrated rstly the feasibility
of this kind of spetral analysis on z > 1 ETGs, and I have put some important
onstraints on their evolution: i) there is a seondary younger omponent in most
of 0.8 < z < 1.1 ETGs and ii) that the hemial haraterization of z > 1.4 ETGs
is non homogeneous and not onsistent with the distribution of loal ETGs values.
Moreover, the presene of a dense, old, high-metalliity and high-α/Fe ETG at z ∼
1.4 open new possibilities also regarding the origin of this lass of galaxies.
In the future many improvements ould help in ompleting the puzzle of the
galaxy formation and evolution proesses:
• The availability of spetrosopi data with high S/N ratio (> 10) both in
the optial and near-IR band, of a large number of high redshift ETGs to be
obtained for example by means of large observative programs onduted with
8− 10m telesope.
• The identiation of omplete samples of eld ETGs at z > 1.5 on whih a
statistial analysis an be performed. This would allow to know for example
the number distribution of ETGs with (very) high/low metalliity and to un-
derstand how the extreme values I have observed in my analysis are ommon
in the distant Universe.
• The extension of the stellar population models to over a wider range of metal-
liity values in order to better investigate the extreme ases as observed in
this work in a more preise and reliable way than from simple extrapolation as
used in this work. Moreover, models should be improved with the adding of
the α-enhanement dependene also in the UV band that will be partiularly
useful in the high redshift Universe.
• A deeper investigation of the UV up-turn phenomenon with loal data in order
to shed light on its physial nature and dependene. In partiular, it should
be probed the onnetion between this phenomenon and the population of
LINERs in the loal Universe.
• The investigation of the possible dependene of the obtained results from the
environment. Is the non-homogeneity of the stellar population properties, in
partiular metalliity, of eld high-z ETGs observed also in lusters? Does the
environment play a role in the hemial histories of ETGs? Sine it seems that
luster ETGs have formed earlier in the osmi time, is the observed senario
expeted to be similar but shifted at even higher-z in denser environment?
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• The study of the possible inuene of the obtained results on the IMF assumed
to model the observed features.
• The possibility to obtain of spatially resolved spetrosopi data of high-redshift
ETGs when the instrumentation tehnology will allow to reah this important
goal. This huge improvement would permit to investigate the spatial distri-
bution of the stellar population properties and thus to onrm or rejet the
hypothesis made about the formation and evolution senarios of this lass of
galaxies.
As far as I am onerned, the rst onrete step to ontinue this study of the origin
and evolution of the ETGs, is the observing time request for the observation of a
sample of luster ETGs at z ∼ 1.2 onsistent with the already analyzed sample
of eld ounterparts. These observations would be arried out with the X-Shooter
spetrograph on the VLT, in order to follow the same kind of analysis of this work, but
with higher S/N. With these data, I wish to verify the environment dependene of the
previous results, that means to understand if the non-homogeneity of the metalliity
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ABSTRACT
We present a spectroscopic analysis based on measurements of two mainly age-dependent
spectrophotometric indices in the 4000 Å rest-frame region, i.e. H+K(Ca II) and 4000, for a
sample of 15 early-type galaxies (ETGs) at 0.7 < zspec < 1.1, morphologically selected in the
GOODS-South field. Ages derived from the two different indices by means of the comparison
with stellar population synthesis models are not consistent with each other for at least nine
galaxies (60 per cent of the sample), while for the remaining six galaxies, the ages derived from
their global spectral energy distribution (SED) fitting are not consistent with those derived from
the two indices. We then hypothesized that the stellar content of many galaxies is made of two
stellar components with different ages. The double-component analysis, performed by taking
into account both the index values and the observed SED, fully explains the observational data
and improves the results of the standard one-component SED fitting in 9 out of the 15 objects,
i.e. those for which the two indices point towards two different ages. In all of them, the bulk of
the mass belongs to rather evolved stars, while a small mass fraction is many Gyr younger. In
some cases, thanks to the sensitivity of the H+K(Ca II) index, we find that the minor younger
component reveals signs of recent star formation. The distribution of the ages of the younger
stellar components appears uniformly in time and this suggests that small amounts of star
formation could be common during the evolution of high-z ETGs. We argue the possibility
that these new star formation episodes could be frequently triggered by internal causes due to
the presence of small gas reservoir.
Key words: galaxies: elliptical and lenticular, cD – galaxies: evolution – galaxies: formation –
galaxies: high-redshift – galaxies: stellar content.
1 IN T RO D U C T I O N
Early-type galaxies (elliptical and lenticular, hereafter ETGs) are
well-known precious high-redshift candidates to trace observation-
ally the formation and evolution of the main structures in the Uni-
verse, since they are the most massive and so the brightest galaxies
and contain most of the local observed stars and baryons (Renzini
2006, and references therein). Also the homogeneous properties of
their stellar content put them in a privileged position to explore the
history of their stellar mass assembly.
Despite the lower quality and quantity of high-redshift data, direct
measurements on the stellar populations of high-z galaxies still
remain the best solid way to constrain the earlier evolution of ETGs
(Van der Wel et al. 2005; Cappellari et al. 2009; Guo et al. 2011;
Strazzullo et al. 2013). In fact, the possibility of detecting pieces of
 E-mail: ilaria.lonoce@brera.inaf.it
direct evidence of stellar evolution, both through photometric and
spectroscopic data, is almost unique in a redshift range, i.e. 1 < z <
2, where most of the ETG evolution is expected (Cimatti et al. 2004;
Glazebrook et al. 2004). A second convenience of dealing with high-
z data is the more reliable use of the synthetic modelling which,
thanks to the relative young ages of high-z sources, is significantly
less affected by degeneracy effects, e.g. age–metallicity degeneracy
which is dominant in the local ETGs.
Up to now, the most used method to explore the stellar popula-
tion properties of high-z ETGs is the analysis of the spectral energy
distribution (SED) by means of multiband photometry (Daddi et al.
2005; Longhetti & Saracco 2009; Santini et al. 2009; Sanchez et al.
2011). However, the physical parameters extracted from the SED
fitting process on synthetic models, like in particular age, are ac-
tually only indicative mean values; thus, this method misses the
detection of the possible presence of inhomogeneities in the stel-
lar content. In contrast, a restricted but more detailed spectroscopic
analysis would be an interesting challenge to unveil that information
lost in the whole SED analysis.
C© 2014 The Authors
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The important goal to be reached through the analysis of the
stellar population properties of galaxies observed at z ∼ 1 in their
critical state of evolution is to understand if all of their stars are
coeval and still passively evolving, as they are usually modelled with
zform > 2–3 (Renzini 2006), or there are some pieces of evidence of
later star-forming episodes or minor merging events which led to
composite stellar populations already at z ∼ 1.
The hidden complexity of the star formation history of ETGs
has been revealed by many works on local ETGs (Coccato,
Gerhard & Arnaboldi 2010; Panuzzo et al. 2011; Kaviraj et al. 2012;
Rocca-Volmerange et al. 2013), and at intermediate redshift (Treu
et al. 2002), where different kinds of signature suggest that ellipti-
cal galaxies have possibly undergone rejuvenation episodes in their
recent history. Also at high redshift, with both archaeological and
direct measurements, the necessity of introducing multiple stellar
populations, with different stellar properties, in the used modelling
has been found (Gargiulo et al. 2012; Huang et al. 2013). The main
stellar properties involved in the differentiation of stellar compo-
nents are age and metallicity. However, age is surely the first stellar
parameter which should be investigated on high-z ETGs. In fact,
direct spectroscopic measurements of stellar metallicity on high-z
ETGs are still a hard issue; moreover, Gargiulo et al. (2012) found
that age gradients are necessary to reproduce the majority of the
observed high-z colour gradients.
Coexistent different stellar populations in ETGs are expected
from the theoretical models on galaxy formation and evolution:
minor mergers and small accretion events instead of major mergers,
in fact, are predicted to be frequent until z = 0 (Naab, Johansson
& Ostriker 2009; Oser et al. 2010, 2012). This inside-out formation
scenario, however, predicts that for high-mass galaxies, accreted
stars have been formed in the same epoch of ‘in situ’ stars (Oser
et al. 2010), assembling thus composite stellar populations of rather
coeval stellar content, though the minor mergers have occurred at
different times.
So the attention now should be focused on finding some observ-
ables which allow one to understand how homogeneous are the
stellar populations of elliptical galaxies and how important are the
mass fraction and the age of the accreted stars. A spectroscopic anal-
ysis on a sample of high-z ETGs can surely reveal precious details
on their stellar properties, to shed light on the composition of the
stellar populations of galaxies in their earlier phases of evolution.
Previously, other pioneer works (Onodera et al. 2012; Jørgensen &
Chiboucas 2013) have been devoted to the analysis of spectroscopic
high-z data, revealing many differences in the stellar properties of
z > 1 objects with respect to local ETGs, such as the presence of
extreme values of spectral indices not foreseen by models (Onodera
et al. 2012). In this paper, we present our spectroscopic analysis of
a small sample of ETGs based on some of the first high-quality op-
tical spectroscopic data at z ∼ 1 in the GOODS-South field, which,
thanks to the measurements of reliable age-dependent spectropho-
tometric indices in the 4000 Å rest-frame region, i.e. the H+K(Ca II)
and 4000, has led to interesting results on this topic.
The paper is organized as follows: in Section 2 we introduce our
sample and describe the spectroscopic data with the main passes of
the data reduction. In Section 3, we present the definition and the
measurements of the spectrophotometric indices which are the basis
of our spectral analysis. The comparison of the obtained results with
synthetic stellar population models is widely discussed in Section
4, together with the description of our proposed double-component
models. In Section 5, we discuss our results through the comparison
with other works based on high-z spectral analysis. We propose the
summary and our conclusion in Section 6.
Throughout this paper, we assume a standard cosmology with
H0 = 70 km s−1 Mpc−1, m = 0.3 and  = 0.7. All photometric
magnitudes are expressed in the AB system.
2 T H E S A M P L E
The sample consists of 15 ETGs at 0.7<zspec < 1.1 morphologically
selected from a catalogue complete to K  22 (Tamburri et al.,
in preparation), in the southern field of the Great Observatories
Origins Deep Survey (GOODS-South v2; Giavalisco et al. 2004).
The selection criterion of this sample was basically the availability
of sufficient high-quality (S/N > 5) spectroscopic data to perform
the measurements of the main spectrophotometric indices in the
4000 Å break region, which is the aim of this work. Thus, starting
from the complete sample of 196 morphologically selected ETGs
with K < 22, only 15 could provide a high-S/N spectrum suitable
for the present study (see Section 2.1 for details).
All the selected galaxies have the 14-band GOODS-South survey
coverage (Santini et al. 2009): deep optical images taken from four
Hubble Space Telescope-Advance Camera for Surveys bandpasses
(F435W, F606W, F775W and F850LP); photometric data provided
by extensive observations of European Southern Observatory (ESO)
telescopes both in the optical (three U-band filters) and in the near-
infrared (J, H and K filters), and by the four Spitzer-Infrared Array
Camera (IRAC) bands (3.6, 4.5, 5.8 and 8.0µm).
Thanks to these multiwavelength data, we were able to perform
the global SED fitting of all the galaxies of the sample in order
to extract the global stellar population properties. The SED fitting
process was carried out assuming the stellar population synthesis
model of Bruzual and Charlot (Bruzual & Charlot 2003, hereafter
BC03) with a Chabrier initial mass function (IMF; Chabrier 2003).
We adopted star formation histories with five exponentially declin-
ing star formation rates with e-folding time τ = [0.1, 0.3, 0.4, 0.6,
1.0] Gyr and assumed solar metallicity Z = 0.020. Dust extinction,
following Calzetti et al. (2000), was applied in the range 0 < Av <
2 mag. In Table 1, we report the stellar parameters obtained from
the SED fitting of the 15 ETGs: photometric ages Agephot of the
stellar populations, dust extinction Av , stellar massesM∗ and star
formation time-scale τ .
For five objects out of the whole sample (those at the highest
spectral resolution), the velocity dispersion measures are available
(Van der Wel et al. 2005). Furthermore, 7 out of the 15 target
galaxies (those at z > 0.9) are included in the complete sample of
the GOODS-South field ETGs at z > 0.9 (Saracco, Longhetti &
Gargiulo 2010).
2.1 Spectroscopic data
As already mentioned, our sample of ETGs was collected following
the disponibility of high-S/N optical spectra in the GOODS-South
field for galaxies morphologically confirmed as ETGs with z ∼
1. High-quality spectra come from three different observing cam-
paigns: one summarized in Mignoli et al. (2005, K20 survey), one
in Popesso et al. (2009) and in Van der Wel et al. (2005). We could
not use spectra coming from the campaign VLT/FORS2 (FOcal
Reducer and low dispersion Spectrograph for the Very Large Tele-
scope) spectroscopy in the GOODS-South field reported in Vanzella
et al. (2005, 2008), because observations have been made without
the cut order filter OG590+32, so they have not a solid continuum
shape calibration necessary for the measurement in particular of the
4000 index.
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Table 1. Sample of 15 ETGs. Data extracted from photometric analysis: stellar population age (Aphot), dust
extinction (Av), logarithm of the stellar mass (log(M∗)) and star formation time-scale (τ ). σ is the velocity
dispersion measured by Van der Wel et al. (2005). Units of right ascension are hour, minutes and seconds,
and units of declination are degrees, arcminutes and arcseconds.
ID-MUSIC RA Dec. zspec Agephot Av log(M∗) τ σ
(Gyr) (mag) (M) (Gyr) (km s−1)
1192a 3:32:25.16 −27:54:50.1 1.089 0.7 1.0 11.01 0.1 231 ± 15
1382a 3:32:22.93 −27:54:34.3 0.964 1.4 0.4 11.08 0.1 200 ± 9
1950a 3:32:26.29 −27:54:05.0 1.044 1.9 0.3 10.75 0.3 300 ± 30
1837a 3:32:19.29 −27:54:06.1 0.964 3.0 0.4 11.40 0.4 336 ± 18
2694a 3:32:31.37 −27:53:19.1 1.135 2.5 0.3 11.40 0.3 232 ± 19
9066a 3:32:33.06 −27:48:07.5 1.188 2.0 0.6 10.58 0.3 –
11539a 3:32:37.19 −27:46:08.1 1.096 2.3 0.5 11.42 0.3 –
10020 3:32:15.81 −27:47:13.6 0.738 1.8 0.5 10.85 0.3 –
10960 3:32:19.24 −27:46:32.2 0.737 2.4 0.3 10.76 0.3 –
11225 3:32:14.44 −27:46:24.5 0.736 1.4 0.2 10.22 0.1 –
9792 3:32:18.01 −27:47:18.6 0.734 3.25 0.5 11.58 0.4 –
13386 3:32:17.49 −27:44:36.7 0.734 1.7 0.3 10.31 0.3 –
9838 3:32:17.94 −27:47:21.5 0.732 3.25 0.2 11.08 0.4 –
17044 3:32:37.38 −27:41:26.2 0.672 3.25 0.1 11.21 0.4 –
7424 3:32:39.54 −27:49:28.4 0.669 2.6 0.2 10.54 0.4 –
aObjects belonging to 34 ETGs of Saracco et al. (2010).
The K20 survey is a near-infrared-selected redshift survey target-
ing galaxies (Ks < 20, Vega system) in two fields, one of which has
been later included in the GOODS-South area. From this precious
data base of public galaxy spectra (http://vizier.u-strasbg.fr/viz-
bin/VizieR?-source=J/A%2BA/437/883), we have searched for the
highest S/N spectra of z ≥ 0.7 ETGs in the 4000 Å break region
rest frame. We finally extracted eight ETGs in the redshift range
0.73 < z < 1.2. Spectroscopic observations of these objects come
from VLT-FORS1 in MOS mode and VLT-FORS2 in MXU mode
(multi-object spectroscopy with exchangeable masks), with a set
of grisms 150I, 200I and 300I providing dispersion of 5.5, 3.9 and
2.6 Å pixel−1 and spectral resolution of R = 260, 380 and 660, re-
spectively. The observation period of the K20 spectroscopic survey
was confined in 20 nights during four years (1999–2000, 2002). For
more details, see Mignoli et al. (2005).
Our next source of optical spectra was the second campaign
of the ESO-GOODS spectroscopic programme operated with
VLT-VIMOS (VIsible MultiObject Spectrograph) and reported in
Popesso et al. (2009). From the thousands of available spectra,
we have looked for the ones with longer exposure time (exp-
time >5 h) in order to reach the highest S/N for z > 0.7 ETGs.
Moreover, our searching has been focused only on median res-
olution (MR – resolution R = 580, dispersion 2.5 Å pixel−1)
grism data, necessary to perform the measurements of the spec-
trophotometric indices. We found only two suitable objects in the
redshift range z ∼ 0.7–1.0. Observations were carried on during
the winter of 2004–2005 for both objects. For deeper details, see
Popesso et al. (2009).
Finally, the last five objects of our sample were analysed by means
of the optical spectra coming from observations performed by Van
der Wel et al. (2005) with FORS2 in MXU mode on VLT telescope.
They used the GRIS-600z grism together with the OG590 order
separation filter, with a resolution of R ∼ 1390, that led to a binned
spectral dispersion of 1.6 Å pixel−1 and a wavelength coverage from
about 6500 to 11 000 Å (that means around the spectral region of
the Balmer/4000 Å break for galaxies at z ∼ 1). The observations of
the five objects were carried out in the period from 2002 September
to 2003 March, with a mean exposure time of about 11 h for object
(for details , see Van der Wel et al. 2005).
All the details of the spectroscopic data are summarized in
Table 2.
2.2 Data reduction
Spectra coming from Popesso et al. (2009) and Van der Wel et al.
(2005) have been reduced starting from raw observed data. For K20-
survey spectra, we used directly the online material (from Vizier:
‘K20 survey: spectroscopic catalogue (Mignoli et al. 2005)’). Stan-
dard spectral data reduction has been applied using IRAF software
tools. Particular care has been devoted to the relative spectral flux
calibration, which has been achieved using spectrophotometric stan-
dard stars observed in the same nights of the targets; in particular, for
VLT-FORS2 data (Van der Wel et al. 2005), we took the mean sen-
sitivity function built with standard stars of different spectral type,
which reveal small intrinsic differences in their shape. Moreover,
still with the aim of obtaining the best continuum shape calibra-
tion necessary for a solid measure of spectral indices, we applied
a further continuum calibration on the VLT-FORS2 spectra: indeed
we noted a systematic distortion of the spectrum shape for objects
whose slits are shifted with respect to the central position, along the
dispersion direction (see details in Longhetti et al., in preparation).
The amount of the flux distortion is proportional to the distance of
the slit from the central position and, in the particular case of our
VLT-FORS2 objects, the maximum offset slit position leads to a
variation up to about 30 per cent of the flux. We corrected for this
further distortion using flat-field lamp spectra as standard spectral
sources, available for all the slits. The ratio between the wavelength-
calibrated flat-field spectrum obtained in a central position and the
one obtained through each slit in offset position has been used for
this further correction. The final check of the obtained continuum
shape accuracy in the spectral region involved in the measure of the
chosen spectrophotometric indices was to overlap the final 1D spec-
tra with the photometric points in the optical bands. The agreement
is reached within 1σ error from the photometric points.
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Table 2. Information about the spectroscopic data used in this work: spectroscopic instrument,
grism, dispersion, resolution and the observing run.
ID-MUSIC Instrument Grism Dispersion Resolution Observing run
(Å pixel−1)
1192 VLT-FORS2 600z 1.6 1390 Van der Wel et al. (2005)
1382 VLT-FORS2 600z 1.6 1390 Van der Wel et al. (2005)
1950 VLT-FORS2 600z 1.6 1390 Van der Wel et al. (2005)
1837 VLT-FORS2 600z 1.6 1390 Van der Wel et al. (2005)
2694 VLT-FORS2 600z 1.6 1390 Van der Wel et al. (2005)
9066 VLT-FORS2 300I 2.6 660 Mignoli et al. (2005)
11539 VLT-FORS2 200I 3.9 380 Mignoli et al. (2005)
10020 VLT-FORS1 150I 5.5 260 Mignoli et al. (2005)
10960 VLT-FORS2 150I 5.5 260 Mignoli et al. (2005)
11225 VLT-FORS2 200I 3.9 380 Mignoli et al. (2005)
9792 VLT-FORS1 150I 5.5 260 Mignoli et al. (2005)
13386 VLT-FORS2 200I 3.9 380 Mignoli et al. (2005)
9838 VLT-FORS1 150I 5.5 260 Mignoli et al. (2005)
17044 VLT-VIMOS MR 2.5 580 Popesso et al. (2009)
7424 VLT-VIMOS MR 2.5 580 Popesso et al. (2009)
Reduced monodimensional spectra of the whole sample are
shown in Fig. 1 together with the principal absorption lines in the
region of 4000 Å rest frame.
3 SP E C T R A L I N D E X M E A S U R E S
As can be seen in Fig. 1, many absorption lines typical of the stellar
atmospheres can be identified in the optical spectra of our selected
sample: Balmer series, BL3580, CN, Ca II(H,K), G band. We have
taken advantage of the quality of our sample spectra of ETGs in
order to analyse the main properties of their stellar populations, in
particular the age of their stellar content.
The most important age-dependent spectrophotometric indices in
the observed optical region are the 4000 index, defined by Bruzual
(1983) and Hamilton (1985) as the ratio between mean fluxes in two
different wide spectral ranges around the 4000 Å rest frame
4000 =
¯Fν(λ1 − λ2)
¯Fν(λ3 − λ4) (1)
with λ1 − λ2 = [4050–4250 Å], λ3 − λ4 = [3750–3950 Å]; and
the H+K(Ca II) index, defined by Rose (1985) as the ratio between
minimum fluxes of the two Ca II absorption lines H and K
H + K(Ca II) = Fmin(λ3, λ4)
Fmin(λ1, λ2)
(2)
with λ1 = 3926, λ2 = 3940, λ3 = 3961, λ4 = 3975. In particu-
lar, the Ca II(H) absorption line is blended with the Balmer H
 at
λ = 3969.65 Å (see details in Longhetti et al. 1999).
The choice of measuring the values of these two spectrophoto-
metric indices was supported by their intrinsic peculiarities. In fact,
these indices not only are strongly dependent on stellar population’s
age variations, mainly for ages less than 6–7 Gyr which is about the
age of Universe at z ∼ 1, but they also present precious differences
which have made their combined measure very interesting.
The 4000 index provides a measure of the age of the global
stellar population: in fact, according with its definition, this index
evaluates the ratio of the old and red stars flux with respect to the
UV flux emission of the younger population. Higher is its value,
older is the stellar content. The effect of the metallicity goes in the
same direction of ageing, but this degeneracy is minimal for stellar
populations younger than 6–7 Gyr (the upper limit of the age of our
high-z galaxies sample). On the other hand, the H+K(Ca II) index
is deeply dependent on the presence of young stellar populations:
in fact, the ratio between H and K(Ca II) lines would be constant if
it was not for the blend of H(Ca II) with Balmer H
, which actually
determines the index value. In particular, the effective ratio between
H(Ca II)+H
 and K(Ca II) becomes <1 only for hot stars of type
earlier than F5 which have strong Balmer series absorptions, with
a minimum value for A-type Balmer-dominated stars (Rose 1985).
We measured 4000 and H+K(Ca II) indices on the spectra of
our sample of ETGs, and results are reported in Table 3. It is worthy
to note that the measure of the H+K(Ca II) index is sensitive to
the spectral resolution of the spectral data (see Longhetti et al.
1999), and we take this into account when comparing measures
with models. Indeed, each measure performed on the spectra was
corrected by the corresponding factor which brings the index value
as it was measured on a spectrum with the higher resolution of
models. In order to obtain these correction factors, we have degraded
the spectrum of a reference template, with the original resolution
full width at half-maximum (FWHM) = 3 Å (in the spectral range
3000–5000 Å rest frame), to the lower resolutions of the observed
spectra. We derived the correction factors by dividing the index
values measured on the degraded spectra by those measured on the
reference template. In particular, these correction factors decrease
the index values up to about 5 per cent of their measured values in
the case of the lower resolution grism (R = 260).
Furthermore, the broadening of the absorption lines due to the
intrinsic velocity dispersion of galaxies affects the measure of this
index. We thus corrected the raw H+K(Ca II) index measures ob-
tained on the five ETGs observed at the highest spectral resolution
(Van der Wel et al. 2005) for this effect, reporting them to the case of
null velocity dispersion. We followed the same procedure as for the
resolution correction: taking a reference template spectrum which
has the same spectral resolution of Van der Wel et al. (2005) data,
we enlarged their spectral lines convolving them with a Gaussian
curve with different σ in order to simulate the effect of the veloc-
ity dispersion. We measured the H+K(Ca II) index values for each
value of the applied velocity dispersion and derived the correction
factors to be applied to the index measurements. The correction
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Figure 1. Spectra of the sample galaxies with the main absorption lines in the region of the Balmer/4000 Å break. Information about the spectroscopic data
is shown in Table 2. Spectra are shown in bins spanning from 2.5 to 8 Å.
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Table 3. Values of the measured H+K(Ca II)
and 4000 indices.
ID-MUSIC H+K(Ca II) 4000
1192 0.75 ± 0.07 1.80 ± 0.04
1382 1.14 ± 0.07 2.15 ± 0.07
1950 0.97 ± 0.23 2.05 ± 0.1
1837 1.49 ± 0.10 2.16 ± 0.3
2694 1.07 ± 0.16 1.87 ± 0.06
9066 1.34 ± 0.27 1.65 ± 0.10
11539 1.15 ± 0.11 2.10 ± 0.05
10020 1.57 ± 0.23 1.84 ± 0.06
10960 1.31 ± 0.20 1.72 ± 0.04
11225 0.91 ± 0.13 1.81 ± 0.03
9792 1.15 ± 0.13 2.09 ± 0.04
13386 0.97 ± 0.15 1.76 ± 0.03
9838 0.84 ± 0.20 1.99 ± 0.06
17044 1.16 ± 0.12 2.05 ± 0.02
7424 0.58 ± 0.23 1.81 ± 0.07
factors were found to be rather small and well within the error bars.
In particular, for three objects the correction was within 2 per cent
of the measured value, and for the other two objects it was about
4 per cent. For all the other 10 ETGs of our sample, the lower spec-
tral resolution of their observations prevents to appreciate the latter
effect, being much larger than the broadening caused by the resolu-
tion itself. Indeed, we have verified that for the medium-resolution
spectra (Popesso et al. 2009), the corresponding correction factors,
assuming a typical velocity dispersion of 250 km s−1, would be less
than 1 per cent of the measured index values.
Errors have been computed from the uncertainties in the mea-
sures of fluxes and in the flux calibration. In particular, we have
estimated the values of S/N ratios in the two spectral regions in-
volved in the index definitions (i.e. 3750–4000 and 4050–4250 Å)
which represent the statistical errors affecting the flux values. On
the other hand, we took into account also the flux calibration uncer-
tainties derived from both the standard flux calibration and from the
further correction applied on the FORS-2 spectra which suffer for
the shape distortion due to the CCD slit position (see Section 2.2).
Obviously, the H+K(Ca II) index, being the flux ratio at two very
close wavelengths, is almost unaffected by these flux calibration
uncertainties. The final errors are shown in Table 3.
4 A NA LY SIS
The measured values of the indices have been compared with the
expectations of the spectrophotometric synthesis models (BC03)
assuming a Chabrier IMF and an exponentially declining star for-
mation history with time-scale τ (with the same assumptions of
the photometric analysis, see Section 2, i.e. τ = 0.1−1 Gyr and
solar metallicity; afterwards we will discuss the effects of varying
these assumptions). Indeed, to start with the simpler evolutionary
modelling of star formation typical of ETGs, we assumed that the
bulk of the star formation activity has happened in a confined initial
episode with small time-scale τ (τ < 1 Gyr, as it is the case of
ETGs; see Saracco et al. 2010). In this scenario, the stellar content
of galaxies is rather coeval, within τ , so if this evolutionary mod-
elling is appropriate for the real star formation history of ETGs, we
expected that the stellar ages derived from the values of the two
indices would be consistent with each other.
Fig. 2 shows the comparison between data and models in the
4000 versus H+K(Ca II) plane. Black dots are galaxies from the
































Figure 2. Data versus model comparison in the index–index plane: mea-
sured values of the indices 4000 (x-axis) and H+K(Ca II) (y-axis) from
the spectroscopic sample of Van der Wel et al. (2005, black dots), Mignoli
et al. (2005, red dots) and Popesso et al. (2009, blue dots), compared with
the expectations of BC03 models at different ages (from left to right, from
about 108 to 1010 yr), fixed solar metallicity and for different star forma-
tion time-scale parameters τ (coloured lines). With the exception of those
from Van der Wel et al. (2005) sample, shown data points have H+K(Ca II)
index values a bit underestimated (within error bars) with respect to those
indicated by models due to the difference between the spectral resolutions
of BC03 synthetic spectra (FWHM = 3 Å) and that of the observed ones
(see Table 2).
spectroscopic sample of Van der Wel et al. (2005), red ones from
Mignoli et al. (2005) and blue ones from Popesso et al. (2009).
Lines represent the trends of the values of the two indices of syn-
thetic models at different ages, from younger ages (108 yr) at the
bottom left to older ages (1010 yr) at the upper right (at fixed solar
metallicity), and their colours show different star formation histo-
ries determined by the time-scale parameter τ . From Fig. 2, it is
possible to notice that (i) data points cover an extended area in the
index–index plane which corresponds to stellar populations older
than ∼2.5 Gyr; (ii) different τ -models (coloured lines) are confined
in a rather thin strip, while measured data are more widespread.
While the majority of the data points are in agreement with models,
we get the evidence that for 6 out of 15 objects both indices deviate
at more than 1σ from models. In particular, starting from the mea-
sured values of the 4000 index, 7 out of 15 data points have either
too low values of the H+K(Ca II) index (IDs: 1192, 7424 and 9838),
suggesting possible stellar populations younger than what pointed
out from the 4000 index (see Section 3), or so high values of
the H+K(Ca II) index (H+K(Ca II) > 1.2, IDs: 9066, 10960, 10020
and 1837) that they cannot find any correspondence with models
within 2σ . It is important to notice that our sample of galaxies is
not complete, so these percentages are just evidence that at least
some of these high-redshift ETGs have a less homogeneous stellar
population with respect to what is expected in a rigorous passive
evolution.
Points that are not consistent with the proposed models at dif-
ferent star formation time-scales cannot be explained by using syn-
thetic models with different metallicities. As an example, in Fig. 3
the same diagram of Fig. 2 is shown, but in this case the differ-
ent coloured lines represent models with three distinct metallicities
(Z = 0.008, 0.020 and 0.040), at fixed time-scale parameter (τ =
0.1 Gyr). From Fig. 3, it is clear that the not consistent points still
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Figure 3. Data versus model comparison in the index–index plane: mea-
sured values of the indices 4000 (x-axis) and H+K(Ca II) (y-axis) from
the spectroscopic sample of Van der Wel et al. (2005, black dots), Mignoli
et al. (2005, red dots) and Popesso et al. (2009, blue dots), compared with the
expectations of BC03 models at different ages (from left to right, from about
108 to 1010 yr), fixed star formation time-scale parameter τ and for different
metallicities: Z = 0.008, 0.020 and 0.040 (coloured lines). As in Fig. 2, with
the exception of those from the Van der Wel et al. (2005) sample, shown data
points have H+K(Ca II) index values a bit underestimated (within error bars)
with respect to those indicated by models due to the difference between the
spectral resolutions of BC03 synthetic spectra (FWHM = 3 Å) and that of
the observed ones (see Table 2).
remain without a satisfactory explanation on the basis of single-
component star formation histories even at different metallicities.
Adding some amounts of dust (Av > 0.5 mag) in the single-
component models would marginally help in explaining those data
points which have low values of the H+K(Ca II) index (IDs: 1192,
7424 and 9838). However, even this addition is not able to reproduce
the index values of four objects with high H+K(Ca II) (IDs: 9066,
10960, 10020 and 1837) because its main effect is to little increase
the values of the 4000 index. Moreover, this choice should be
supported by a physical motivation able to justify these quantities
of dust in systems where globally the star formation activity should
be quenched (age τ ).
We have also checked that the values of the two measured indices
on synthetic models do not depend on the spectrophotometric mod-
els adopted in the analysis: comparing index values obtained from
BC03 models with those obtained with the latest version of the same
code (Charlot & Bruzual, in preparation), we do not find any dif-
ference, while the comparison with Maraston & Stromback (2011)
models reveals small differences but well within the observational
errors.
The comparison between the measured indices and models has
thus suggested that the star formation histories of these galaxies
must have been more complex, eventually involving the presence
of later star formation events superimposed on a rather old bulk
of stars, causing a less homogeneous population than predicted by
simple short τ models.
A further confirmation of this evidence comes from the discrep-
ancy we found among ages derived from the values of the two
indices and those extracted from the SED fitting analysis, as shown
in Table 4: the 4000 index points towards generally more evolved
stellar populations. Ages deduced from the index values and re-
ported in Table 4 have been derived assuming BC03 models, solar
metallicity and τ = 0.1 Gyr. Ages deriving from indices and from
SED fitting are two different but complementary tools to study the
stellar content of galaxies: the spectroscopic analysis is based on a
small portion of the SED but it is able to give important details on
their recent star formation history, while the photometric analysis
can provide mean stellar parameters dealing with the whole SED.
This first result thus suggests that in general the SED analysis is
missing small pieces of information, revealed instead by the indices.
Moreover, for many objects (8 out of 15) the ages derived from
the 4000 index tend to differ by more than 1σ from those derived
from the H+K(Ca II) index. In particular, in one case they differ by
more than 2σ (ID-9838). Furthermore, even if possible, it appears
unlikely that the age inconsistency arisen from the two indices is
due to measurement errors. Indeed, it would mean introducing a
kind of systematicity which should always decrease the values of
age derived from the H+K(Ca II) index and at the same time always
increase those derived from the 4000 index. In fact, ages from
the 4000 index are older than those indicated from H+K(Ca II)
Table 4. Age estimates derived from indices and photometric analysis (Gyr) obtained
from the comparison with synthetic stellar populations models with τ = 0.1 Gyr and solar
metallicity.
ID-MUSIC Age from H+K(Ca II) Age from 4000 Age from photometry
(Gyr) (Gyr) (Gyr)
1192 1 ± 0.1 1.9 ± 0.5 0.7
1382 4.5 ± 1.5 5.5 ± 1.5 1.4
1950 1.7 ± 2 4 ± 1 0.7
1837 – 5.75 ± 3 0.9
2694 3 ± 1.2 2.4 ± 0.4 1.3
9066 – 0.9 ± 0.4 1.3
11539 4.7 ± 1.5 4.75 ± 0.5 1.3
10020 – 2.2 ± 0.5 1.3
10960 – 1.1 ± 0.3 1.4
11225 1.2 ± 0.5 1.9 ± 0.4 1.4
9792 4.7 ± 1.5 4.7 ± 0.9 2.7
13386 1.4 ± 0.6 1.5 ± 0.4 0.6
9838 0.9 ± 0.3 3.1 ± 0.4 2.3
17044 1.9 ± 1 3.75 ± 0.4 2.3
7424 0.7 ± 0.4 1.9 ± 0.5 1.4
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Figure 4. Index–index plane: comparison with double-component models. Left-hand panel: observed points are the same as in Fig. 2; lines represent the
values of the indices on BC03 synthetic models composed of a main component whose age increases from left to right (from about 108 to 1010 yr), and by
small mass fraction of a younger stellar component with age 0.5 Gyr. The fraction of the secondary component increases from 0.1 per cent (dark green line) to
2.5 per cent (magenta line). Right-hand panel: same as the left-hand panel; here the small and younger component has age 5 Myr and it has been reddened with
a typical dust extinction of 0.5 mag. Mass fractions span from 0.1 per cent (violet line) to 1.4 per cent (green line). BC03 models are with fixed solar metallicity
and τ = 0.1 Gyr. As in Figs 2 and 3, with the exception of those from Van der Wel et al. (2005) sample; shown data points have H+K(Ca II) index values a bit
underestimated (within error bars) with respect to those indicated by models due to the difference between the spectral resolutions of BC03 synthetic spectra
(FWHM = 3 Å) and that of the observed ones (see Table 2). Both plots show how those data points which were not consistent with single-component models
can be explained.
index (only for one object there is the opposite trend), in agreement
with Onodera et al. (2012) who found similar results for passive
galaxies at z > 1.4. Furthermore, in some cases, ID-2694, ID-
9066, ID-10020 and ID-10960 as displayed in Table 4, H+K(Ca II)
values do not find any age correspondence with models, as visible
in Fig. 2. As discussed in Section 3, due to the nature of the two
selected indices, we expect dissimilarity between them if the galaxy
stellar content reveals non-homogeneous properties, especially age.
For this reason, having found such a discrepancy in most cases,
we started a new analysis of the star formation histories of our
sample galaxies assuming that a quite recent star-forming event has
been superimposed on an otherwise homogeneous and old stellar
population.
As a pure exercise, we have performed the analysis based on
the assumption of a double age stellar component for all the galax-
ies of the sample. The real convenience of introducing the second
component, as discussed in the following section, is found only for
those objects for which the age values derived from the two indices
were not in agreement. And this is the case for 9 out of 15 galaxies.
For the remaining galaxies, values of τ ≥ 0.1 Gyr are sufficient to
explain the inhomogeneity of their stellar content even though with
some corrections to the mean ages derived from the SED fitting
analysis.
4.1 Double-component analysis
To better reproduce the observed stellar populations properties of
our sample galaxies and in particular to reproduce the measured
indices, we thus hypothesized the presence of composite stellar
populations, assuming that after the initial bulk of star formation,
additional events have occurred also in the following few Gyr. For
the sake of simplicity, we started introducing only double stellar
components; we cannot exclude that a more refined analysis which
involves more than two spectral index measurements on higher
quality spectra could eventually find the presence of triple and over
stellar populations.
In Fig. 4 (left-hand panel), the comparison of the measured in-
dices with those obtained on synthetic double-component models is
shown: models represent galaxies for which the bulk of the stellar
mass belongs to a population whose age increases from left to right
(from about 108 to 1010 yr) in the index–index plane, and small
mass fractions are taken into account by a younger component with
fixed age 0.5 Gyr. Coloured lines represent the increasing intensity
of the secondary burst, i.e. the fraction of the younger component,
from the right (dark green line) with a fraction of 0.1 per cent to the
left (magenta line) with 2.5 per cent. From this plot, it is clear that
with only small mass fractions of a superimposed younger popula-
tion, observed points with low H+K(Ca II) index values can be fully
explained.
A similar explanation can be possibly advanced also for points
with higher H+K(Ca II) index values, but with the addition of a
further ingredient. Considering the definition of the H+K(Ca II)
index, as discussed in Section 3, high index values would mean
that the ‘H’ absorption line must be very weak with respect to the
K(Ca II) line. We then hypothesized that the Balmer H
 line blended
with the H(Ca II) line is in emission rather than in absorption. As
shown in Fig. 5 in BC03 models, for stellar populations younger
than<0.2 Gyr, Balmer H
 emission is dominant over the absorption.
So that the presence of a small mass fraction of very young stellar
population (i.e. very recent small burst) can be able to fill the depth of
the whole H line, thus increasing the value of the H+K(Ca II) index.
We then introduced in our analysis BC03 models which include the
nebular emission lines (see Charlot & Longhetti 2001). In fact, as
shown in Fig. 6, differences between models with emission (cyan
solid line) and without emission (black dashed line) are evident
for ages smaller than 1 Gyr; for older ages these models coincide.
As an example of our analysis, in Fig. 4 (right-hand panel) the
comparison of model prediction with the observed data in the case
of double age component models is shown for a starburst age of
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Figure 5. Synthetic spectra with Balmer H
 (λ = 3969.65 Å , red vertical
line) emission line in models at different stellar population ages. Ages
decrease from 0.5 Gyr (magenta line) to 0.1 Gyr (black line).

















Figure 6. Trend of the H+K(Ca II) index with age measured on BC03
models with Balmer lines emission (cyan solid line) and without emission
(black dashed line). Differences between two models become important
only for stellar population with age <1 Gyr.
5 Myr. Given the very young age of the secondary component, we
took into account the possible dust extinction that should be acting
around it, assuming Av = 0.5; we specify that the introduction
of dust affects only the 4000 index, increasing its value in the
same way as age. The intensity of the star formation burst increases
from right (violet line), with a mass fraction of 0.1 per cent, to left
(green line), with a mass fraction of 1.4 per cent. Both panels of
Fig. 4 are useful examples that show how the suggested presence of
small mass fraction of younger stellar component is able to explain
the observed data. Age and percentage of mass involved in the
secondary component (i.e. age and strength of the recent burst)
can be varied to exactly match each single observation. Below we
present the detailed analysis of the whole sample of galaxies and
the obtained results.
Each galaxy has been analysed by means of a code that, spanning
all the double-component possible models, extracts best-fitting so-
lutions, following the analogue of the one-component photometric
analysis. Assuming the BC03 models, including possible emission
nebular components, with fixed τ = 0.1 Gyr and solar metallicity,
the code builds all the possible double-component combinations of
spectra varying ages, mass fractions and dust extinction of the two
stellar components. A maximum age limit has been imposed equal
to the age of the Universe at the redshift of each galaxy. Recent burst
strengths (i.e. the mass percentage involved in the young compo-
nent) have been considered by means of 0.05 per cent steps. Dust
extinction has been applied both on the whole double-component
spectrum and only on the younger component, in parallel distinct
analysis, with a 0.1 mag pass.
From the generated composed synthetic spectra, our code selects
the solutions which are consistent with the measured values of the
two spectrophotometric indices within their observational errors.
After this selection, the code starts the χ2 minimization process
of the composite synthetic SED on the observed photometric data.
In this way, not only the optical band is considered, but the whole
spectral distribution.
The results of the analysis are shown in Table 6. Mass fraction
values expressed in Table 6 are indicative of the amount of mass
for the solutions with lower χ2 values. The sample objects are well
described by two-component models, revealing the consistence of
the found solutions with the presence of a younger stellar popu-
lation for almost all the galaxies of the sample. Moreover, thanks
to the procedure applied in our code, all the composite spectra are
fully consistent with the measured indices, contrary to the single-
component analysis from which this happens only for a couple of
objects. Dust extinction in general becomes important, i.e. Av > 2,
only for objects whose young component is younger than the star
formation time-scale parameter τ = 0.1 Gyr, that means that the
star formation is still ongoing.
The improvement in terms of probability P(χ2) of the obtained
double-component solutions with respect to the single-component
ones (with τ = 0.1 Gyr, see Table 4) is illustrated in Table 5, where
we report the comparison of the reduced-χ2 (χ2ν ). The estimation
of the χ2ν includes both the contribution of the 14 photometric
points which constitute the global SED and the values of the two
analysed spectral indices. It is worth to remark that in this part of the
analysis, for consistency, we have compared the double-component
models with the single-component ones obtained with fixed small
τ = 0.1 Gyr. Accordingly, the χ2ν values and the corresponding
probabilities shown in Table 5 are referred to these particular SED
fitting solutions.
As can be seen from Table 5, the double-component solutions are
preferable over the single-component ones for almost all the galax-
ies of the sample. More in details, for 9 out of 15 galaxies (60 per cent
of the sample) (IDs: 1192, 1950, 1837, 9066, 10020, 10960, 9838,
17044 and 7424), which have the age values derived from indices not
in agreement with each other (see Table 4), the double-component
solutions with age differences >1.5 Gyr are clearly more represen-
tative of their inhomogeneous stellar contents. For the other six
objects, even if providing statistically more probable solutions for
four out of six cases, the double-component analysis appears not sig-
nificantly necessary. Indeed, for these six galaxies the ages derived
from the two indices result all in agreement with each other pointing
to the same generally older age with respect to the ages extracted
from the SED fitting analysis (see Table 4). In particular, for three
galaxies (IDs: 1382, 11539 and 9792), the double-component solu-
tions are statistically more probable actually just because the bulk
of the mass (>98 per cent) matches the age indicated by the two in-
dices (compare Table 4 with Table 6), while the single-component
solutions miss this important information. Only for the remain-
ing three cases (IDs: 2694, 11225 and 13386) both indices and
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Table 5. Comparison of the reduced-χ2 and corresponding probabilities between the single- and double-
component solutions. The χ2ν estimations include the comparison among the photometric points and the
analysed spectral indices.
ID χ2ν single component Associated probability χ2ν double component Associated probability
(per cent) (per cent)
1192 5.01 0.7 1.14 32
1382 13.6 0 3.7 16
1950 7.5 0.06 2.94 5
1837 19.94 0 1.31 27
2694 1.56 21 1.8 16
9066 3.31 4 0.66 52
11539 12.66 0 1.16 31
10020 5.02 0.7 0.844 43
10960 3.85 2 1.74 17
11225 0.59 55 0.77 46
9792 9.05 0.01 1.64 19
13386 4.89 0.7 1.16 31
9838 3.43 3 1.26 28
17044 9.87 0.01 1.31 27
7424 2.038 13 1.01 36
Table 6. Results obtained from the double-component analysis on the sample of galaxies extracted from the composition of BC03
models, with fixed τ = 0.1 Gyr and solar metallicity. Mass fractions are the indicative values for the solutions with lower χ2 values.
ID Age young component Mass fraction Age old component Mass fraction Av Age differences zform bulk
(Gyr) (per cent) (Gyr) (per cent) (mag) (Gyr)
1192 0.64 6.5 2.4 93.5 0 1.76 2.15
1382 0.1 0.05 5 99.95 0.9a 4.9 6.1
1950 0.45 1 5.5 99 0 5.05 >6
1837 0.015 0.95 5.5 99.05 2.8a 5.485 >6
2694 0.5 0.65 2.3 99.35 0.1 1.8 2.2
9066 0.006 0.75 1.7 99.25 2.8a 1.694 1.95
11539 0.3 0.1 4.75 99.9 0.2a 4.45 >6
10020 0.03 1.5 2.6 98.5 2.3a 2.57 1.45
10960 0.015 1.65 2.3 98.35 2.6a 2.285 1.32
11225 0.9 20 6.25 80 0.2 5.35 >6
9792 0.8 1.65 4.75 98.35 0.3 3.95 2.86
13386 0.1 0.1 1 99.9 0.3 0.9 1
9838 0.5 2.6 4 97.4 0.8a 3.5 2.16
17044 1 5.3 7 96.5 0.2 6 >6
7424 0.7 16.7 6.25 83.3 0.5a 5.55 5.5
a Av applied only on the young component.
τ ≥ 0.1 Gyr SED fitting analysis point to the same age, directly
revealing a rather homogeneous stellar population.
Summarizing, the double-component analysis shows that in
60 per cent of the galaxies of our sample there are two stellar com-
ponents whose presence explains the different ages derived from
the index values. Furthermore, thanks again to the index values,
this analysis has confirmed or corrected the ages of the SED fitting
solutions for the remaining objects.
In Fig. 7, we present two examples of the analysis that we per-
formed on two opposite cases which are not consistent with a single-
component description: object ID-9066 (top panels) which has a
high H+K(Ca II) value (>1.2) and object ID-7424 (bottom panels)
which has a low value of the H+K(Ca II) index. In the caption of
Fig. 7, we report, as example, the detailed discussion of these two
representative cases. Left-hand panels of Fig. 7 show the compari-
son between the single-component (black) and double-component
(red) best-fitting solutions on the observed SED (blue points): both
the presented double-component models fit better the spectral dis-
tributions. Focusing on the 4000 Å rest-frame region (right-hand
panels), it can be seen that the double-component spectrum (red)
reproduces better the observed spectrum (black) than the single-
component model (green), in particular the features involved in the
H+K(Ca II) index definition (i.e. the H and K absorption lines).
4.1.1 The ages of the two stellar components
As we have seen from the analysis of our sample, based on both
the spectral indices and the photometric SED fitting, we found
evidence that at least 60 per cent of the selected ETGs have the bulk
of the mass composed of rather old stars and a small percentage of
younger stars. In the following, we include also the three objects
(IDs: 1382, 11539 and 9792) for which we have corrected the age of
the bulk of stars by means of the index values; indeed, the amounts
of younger component, although not necessary, are found to be very
small. In this 80 per cent of our sample, which we remark here is
not complete, with the exception of object ID-7424, we find that
the mass fractions of the younger component are small, less than
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Figure 7. Left-hand panels: comparison between single-component solutions (red line) and double-component models (black line) on the observed SED (blue
points). Right-hand panels: comparison between single-component spectrum (green) and double-component spectrum (red) on the observed spectrum (black)
in the region of the 4000 Å rest frame. Upper panels: galaxy ID-9066. Analysis: the corresponding stellar age of this object from the SED fitting analysis was
2 Gyr (with τ = 0.3 Gyr and Av = 0.6, see Table 1); instead, from the index measurements we obtained an age estimate of about 0.9 Gyr from the 4000
index and none from the H+K(Ca II) index because its value is above the critical value (i.e. 1.2). We thus proceeded with the double-component analysis on
models with gas emission lines. The result is a composite stellar population with a 6 Myr younger component (with signs of recent star formation) reddened
with Av = 2.8, superimposed on the bulk of the stellar mass (>99.3 per cent) with an older age of 1.7 Gyr. The value of the older component age is similar to
the photometric age, but the single-component solution was not consistent with the measured indices. Instead the double-component solution, with the adding
of small amounts of very young stellar population, has been able to adjust the fit of the spectral features, and taking into account at the same time the trend
of the whole SED. Bottom panels: galaxy ID-7424. Analysis: from the SED fitting analysis this object was described by a 2.6 Gyr old stellar population with
τ = 0.4 Gyr and Av = 0.2, on the other hand, H+K(Ca II) and 4000 indices pointed to ages of 0.7 and 1.9 Gyr, respectively (see Table 4). Moreover, the
single-component solution was not consistent with the measure of the H+K(Ca II) index. The double-component analysis found a consistent solution composed
by a main component with old age 6.25 Gyr and a relative high fraction (about 15 per cent) of a young component with age 0.7 Gyr, reddened with Av = 0.5.
10 per cent, with the smallest being 0.05 per cent, while the bulk
of the mass belongs to the older component. The distributions of
the ages of the old (left-hand panel) and young (right-hand panel)
components of this part of the sample are shown in Fig. 8. White
data represent the whole 80 per cent of the sample, while blue and
green shaded data represent subsamples at, respectively, z ∼ 0.7 and
z ∼ 1. Considering the old component age distribution (left-hand
panel), it appears bimodal with a younger sample with a mean age
of 2.25 Gyr and with an older one of 5.3 Gyr. This means that the
bulk of their stars formed at 1 < zform < 3 and z > 5, as can be
seen in Fig. 9 which clearly shows that both the two subsamples
of galaxies at zspec ∼ 0.7 and zspec ∼ 1 have a zform of their main
stellar component bimodally distributed, without any dependence
on redshift. We remark that this result is evidence coming from a
casually selected sample of ETGs and hence it cannot be interpreted
as a general bimodality in the distribution of the star formation
episodes in ETGs.
In contrast, in the young component histogram (Fig. 8, right-
hand panel), the distribution is homogeneous with a mean age of
0.4 Gyr. From both histograms, it is clear that there is no dependence
on redshift in the obtained results, so we cannot identify a single
confined cosmic period for the formation of the stars neither of the
old nor of the younger components.
It is worthy to note that the ages of the bulk components are
generally older than the ages derived from the photometric analysis.
Indeed, the main components generally reveal the same stellar ages
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Figure 8. Histograms of the double-component analysis results on the 80 per cent of the sample (see Section 4.1.1). White: data from all the 80 per cent of the
sample; blue shaded: data from the subsample of galaxies at z ∼ 0.7; green shaded: data from the subsample of galaxies at z ∼ 1. Left-hand panel: distribution
of the ages of the old components in bins of 0.55 Gyr. There are two visible subsets with mean age of about 2.25 Gyr 5.3 Gyr. Right-hand panel: distribution of
the ages of the young components in bins of 0.1 Gyr. The mean age is about 0.4 Gyr.












Figure 9. zform of the main component as a function of the zspec of the
80 per cent of the sample of galaxies. Arrows mean that the values can be
higher than what indicated by the respective points.
predicted from the values of the 4000 index, which, as already
discussed, is a measure of the global stellar population (see Table 6
in comparison with Table 4). In Fig. 10, we report the comparison
between the ages estimated from the SED analysis (with fixed τ =
0.1 Gyr) with respect to both those of the young components (light
blue squares) and those of the old components (dark blue triangles).
It can be seen that ages derived from the SED analysis are all
younger than 2.7 Gyr, while in our double-component analysis, the
ages of the old components reach 7 Gyr. This figure demonstrates
that the photometric analysis, without the constraints imposed by
the spectrophotometric indices, clearly underestimates the age of
the bulk of stars in ETGs at z ∼ 1. As a consequence, it results
that also the stellar mass derived from the SED fitting is on average




















Figure 10. Comparison between the ages derived from the SED fitting pho-
tometric analysis (from Table 4) and the ages of the main component (dark
blue triangles) and the young component (light blue squares) extracted from
the double-component analysis (from Table 6). Data concern the 80 per cent
of the sample.
underestimated with respect to the value that can be derived from
the double-component analysis. Indeed, we estimate that the mean
correction factor for the stellar mass of our sample galaxies is on
average 1.2 with peaks up to a factor of 2, and the more is the
difference between the age extracted from the SED fitting and the
age of the older component, the higher is the value of this correction.
In conclusion, our results suggest that the bulk of the star forma-
tion in our sample ETGs at z ∼ 1 happened in two indicative cosmic
periods: one at zform > 5 and the other more recent at 1 < zform < 3.
New and minor events of star formation occurred in these galaxies
within 1 Gyr (upper limit) from their observation, i.e. z ∼ 1 and
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z ∼ 0.7. Again, we point out that these results come from a limited
sample without any statistics and completeness in z, so they should
be consolidated by means of analysis on larger samples.
It is worthy to note that the obtained results are strictly related to
the peculiarities of the two spectrophotometric measured indices.
In particular, the H+K(Ca II) index has been of fundamental im-
portance to detect the presence of small fractions of young stellar
populations also when the bulk of the mass (>98−99 per cent) be-
longed to the older main component. Indeed, as it appears evident
from Fig. 4, the H+K(Ca II) index experiences large variations even
when only a small percentage of stellar mass younger than 1 Gyr is
added to the old bulk of stars.
5 D ISCUSSION
In the last years, only two works based on high-redshift ETG opti-
cal spectra reported a similar spectroscopic analysis based on spec-
trophotometric indices. In the following, we try to compare our
results with the finding of these two works.
The first one is a work by Onodera et al. (2012) where the au-
thors present a spectral analysis of a sample of 18 passive elliptical
galaxies at 1.4 < z < 1.8 in the Cosmological Evolution Survey
(COSMOS) field. In particular, based on near-IR Subaru/Multi-
Object Infrared Camera and Spectrograph (MOIRCS) spectra
(resolution R  500), they performed the measurements of two spec-
trophotometric indices in the same region of our analysis: the Hδ
index (defined as HδF by Worthey & Ottaviani 1997) and Dn4000,
a 4000 Å break index definition by Balogh et al. (1999), not coin-
cident with the one adopted in our present work.
To compare our sample with that of Onodera et al. (2012), we
have measured the values of the HδF and Dn4000 indices on the
spectra of our sample. Results are listed in Table 7.
In their fig. 17, Onodera and collaborators showed the compari-
son of their measurements with the predictions of synthetic models
(Charlot & Bruzual, in preparation) assuming four different star for-
mation histories and most of their objects are not consistent with any
of the displayed models. We add our lower redshift sample in the
same HδF versus Dn4000 plane, and the result is shown in Fig. 11
(top panels). Indeed, on average, at fixed Dn4000 index value, the
HδF index value is either higher than expected from models or too
low to find any correspondence with models (with τ = 0.1 Gyr
Table 7. Values of the Dn4000 and HδF indices (used in Onodera et al.
2012) and HδA index (used in Jørgensen & Chiboucas 2013) measured on
our sample spectra.
ID-MUSIC z Dn4000 HδF HδA
1192 1.089 1.59 ± 0.03 2.44 ± 0.53 4.88 ± 0.19
1382 0.964 2.10 ± 0.06 2.15 ± 0.30 0.21 ± 0.60
1950 1.044 1.53 ± 0.08 2.16 ± 0.85 0.48 ± 0.23
1837 0.964 2.28 ± 0.04 1.54 ± 0.34 − 1.85 ± 0.24
2694 1.135 1.96 ± 0.07 1.57 ± 0.79 1.13 ± 0.53
9066 1.188 1.71 ± 0.15 4.12 ± 0.62 2.78 ± 3.19
11539 1.096 1.91 ± 0.06 0.05 ± 1.18 − 0.70 ± 1.20
10020 0.738 1.78 ± 0.09 1.90 ± 1.25 − 0.14 ± 1.95
10960 0.737 1.72 ± 0.05 0.15 ± 0.56 − 1.49 ± 0.83
11225 0.736 1.64 ± 0.04 2.06 ± 0.75 1.29 ± 1.13
9792 0.734 1.87 ± 0.05 0.94 ± 0.69 − 0.85 ± 1.01
13386 0.734 1.61 ± 0.04 1.58 ± 0.85 0.05 ± 1.30
9838 0.732 1.80 ± 0.08 1.54 ± 1.42 − 0.90 ± 2.20
17044 0.672 1.93 ± 0.03 1.09 ± 0.38 1.70 ± 0.54
7424 0.669 1.75 ± 0.09 0.62 ± 1.52 1.20 ± 2.15
and solar metallicity, black line in Fig. 11, top panels). We then
proceeded with the same arguments followed in the previous sec-
tions, considering double stellar components models. The top-left
panel of Fig. 11 presents composite models with the younger com-
ponent at fixed age 0.7 Gyr, while in the top-right panel the minor
component is so young, 5 Myr, to present emission lines and to pro-
duce negative values of the HδF index. Double-component models
with the adding of gas emission are successful in explaining many
of the data points of both samples, in particular those with lower
values of both indices. Unfortunately, those points with extreme
high values of HδF (and relative high values of Dn4000 index) re-
main still unexplained with any combinations of stellar component
ages, as already noticed by Onodera et al. (2012).
Focusing only on our sample data (red points in Fig. 11, top
panels), it is worth to stress that the obtained spread in the HδF versus
Dn4000 index plane is more restrained than that in the H+K(Ca II)
versus 4000 index plane discussed in this work (see Fig. 2). This
is due to the lower sensitivity of the HδF index with respect to that
of the H+K(Ca II) index to the presence of very small amounts of
young stars. As explained in Section 3, indeed, the measure of the
H line depth and its ratio with the K line is influenced almost only
by the blended H
 line depth, making the values of their ratio (i.e.
H+K(Ca II) index) a very sensible tool for detecting young stellar
populations. The larger effectiveness of the H+K(Ca II) index with
respect to the HδF index in finding the younger component is easily
verified looking at the synthetic models. Coloured lines in Fig. 11
(top-left panel) indicate the values of the HδF and Dn4000 indices of
double-component models with increasing fractions of the younger
component, and it can be noticed that the detachment from the
single-component model (black line) is limited with respect to what
obtained in Fig. 4 in the case of H+K(Ca II) index.
Interestingly, from both top panels of Fig. 11, it can be noticed
that data points of our sample (red points) stay closer to models
than those of Onodera et al. (2012). Since our points refer to lower
z galaxies, we thus looked for a correlation of this spreading with
redshift. We separated the entire sample of galaxies in five subsets
with different range of redshift: z ∼ 0.7, ∼1, ∼1.4, ∼1.6 and ∼1.8.
In Fig. 12, we present the same plot of Fig. 11, but with only a rep-
resentative single-component model (black line, with τ = 0.1 Gyr
and solar metallicity). Colours of the data points go from yellow,
low-redshift objects (z ∼ 0.7), to dark red, the highest redshift (z
∼ 1.8). From this plot, it is clear that low-z data stay closer to the
model than those with high z and that the more the redshift in-
creases, the more the data are widespread in the index–index plane,
i.e. more distant from models. Furthermore, in fig. 17 in Onodera
et al. (2012), the authors present the comparison of their high-z
data with local Sloan Digital Sky Survey (SDSS) passive galaxies,
and the trend seems to be confirmed: local objects are generally
well represented by single-component models with respect to high-
z data. In high-redshift objects, differences of ages among possible
multiple stellar components are easier to be detected thanks to the
younger mean ages, for which even small age differences produce
strong signatures (e.g. Balmer lines depth), while in the local Uni-
verse the same age differences are almost impossible to be detected
for the stellar population ageing, thus vanishing the opportunity of
observing the presence of double components. Indeed, two stellar
populations with 8 and 12 Gyr, respectively, have almost the same
Balmer lines depth. This strengthens the advantage of dealing with
direct spectral measurements of higher redshift ETGs in order to
study their star formation history.
The second interesting comparison is with the work by Jørgensen
& Chiboucas (2013). Their analysis is based on high-S/N optical
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Figure 11. Same plots as Fig. 4 in the HδF versus Dn4000 plane, for both the Onodera et al. (2012) sample (black points) and this work sample (red points)
(top panels), and in the HδA versus 4000 plane for both the Jørgensen & Chiboucas (2013) sample (black points) and this work sample (red points) (bottom
panels). Double-component models (coloured lines) are composed of the bulk of the mass whose ages increase from left to right (from about 108 to 1010 yr),
and by increasing mass fractions of young component with age 0.7 Gyr with Av = 1 (left-hand panels), and with age 5 Myr, reddened with Av = 0.5 (right-hand
panels). Double-component models in the right-hand panels are shown with the adding of gas emission lines. In all panels, HδF values of synthetic models
(coloured lines) and data points have been properly corrected to take care of their different spectral resolutions.
spectroscopy of the early-type members of three galaxy clusters
at z > 0.5 in the framework of the ‘The Gemini/HST Galaxy
Cluster Project’ (Jørgensen et al. 2005). We limited our compar-
ison to the highest z clusters which are the RX J0152.7−1357 at
z = 0.83 and RX J1226.9+3332 at z = 0.89, because they match
the average redshift of our sample. For these galaxy clusters, in
particular, the authors make available the measurements of some
spectrophotometric indices obtained from the GMOS-N instrument
(R =1918). They adopt the same definition of the 4000 index as
we adopted, and the definition of the HδA by Worthey & Ottaviani
(1997), different from that of Onodera et al. (2012). In order to
perform the comparison, we thus measured the values of the HδA
of our sample galaxies, and the results are listed in column 5 of
Table 7.
Once again we compared the results with the expectation of
the single-component BC03 models (black line, with τ = 0.1 Gyr
and solar metallicity), in Fig. 11, bottom panels. Data points from
Jørgensen & Chiboucas (2013, black points) remain relative close to
the single-component model predictions (black line), in agreement
with the measure of our sample, supporting the previous finding that
the secondary younger component is more evident at increasing z.
In order to preserve the graphic clearness, in Fig. 11 only data
points belonging to RX J1226.9+3332 galaxy cluster are shown.
In Fig. 11, bottom-left panel, we report the comparison of both
the two sample data with the double-component models (coloured
lines), the same as in the top-left panel: points with higher values
of HδA index at fixed 4000 index value result fully explained by
adding a small mass fraction of young stars. On the other hand, only
some of our sample data points (red points) have lower values of HδA
index at fixed 4000 index and they can be again explained with
double-component models adding very young stellar components
displaying Balmer emission lines. In particular, it is interesting to
note that the three objects ID-9066, ID-10960 and ID-1837 of our
sample, highlighted with labels in Fig. 11 (bottom-right panel),
have HδA and 4000 indices which are consistent with double-
component models displaying emission lines in agreement with the
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Figure 12. HδF versus Dn4000 plot. Black line is the single-component
model with τ = 0.1 Gyr and solar metallicity. Data from the sample of
Onodera et al. (2012) and this work galaxies. Data points are divided into
five redshift bins (from yellow to dark red crosses): z ∼ 0.7, ∼1, ∼1.4, ∼1.6
and ∼1.8. Errors bars are omitted for simplicity; they would be the same as
in Fig. 11.
results found using the H+K(Ca II) index with respect to the HδA
one in this work (see Fig. 4, right-hand panel).
Finally, we remark that in the bottom panels of Fig. 11, we are
comparing in the same plots data coming from two samples of
galaxies at about the same mean redshift but in different environ-
ments: our sample (red points) is composed of field galaxies, i.e.
low-density environment (with mean z = 0.83), while Jørgensen &
Chiboucas (2013) sample (black points) is composed exclusively
of galaxies belonging to the cluster RX J1226.9+3332 at z = 0.89.
The fact that the galaxies of the sample of Jørgensen & Chiboucas
(2013) do not need on average the presence of a second stellar com-
ponent modelled with Balmer emission lines, means that in general
their stellar populations are homogeneous, i.e. formed in a single
or very short burst with no secondary bursts, in agreement with
the well-known results of Thomas et al. (2005), where high-density
environment galaxies are expected to form their star earlier than
low-density counterparts and in a shorter time-scale (see fig. 10 in
Thomas et al. 2005). Supposedly, many cluster objects have experi-
enced the same mechanism of star formation and assembling of our
sample ETGs that led to the presence of stellar components with
different properties, but these events must have occurred earlier in
the cosmic time and are less appreciable at the observation redshift.
6 SU M M A RY A N D C O N C L U S I O N S
We presented a spectroscopic analysis based on the measurements
of age-dependent specrophotometric indices in the region of 4000 Å
rest frame on high-redshift ETGs. We based our analysis on all the
up-to-now publicly available optical spectra of ETGs at z ∼ 1 in the
GOODS-South field, with ascertained morphological classification
(see Tamburri et al., in preparation), and with sufficient high-S/N
ratio in the region of 4000 Å break rest frame to allow a detailed
spectral analysis. The sample was then composed of 15 ETGs at
0.7 < z < 1.1, whose spectral data came from three observing
campaigns performed by Van der Wel et al. (2005), Mignoli et al.
(2005) and Popesso et al. (2009).
From the reduced monodimensional spectra, we have measured
the values of the two age-dependent spectrophotometric indices:
H+K(Ca II) and 4000. The choice of these indices was supported
by their sensitivity to the presence of multiple stellar populations
with different age. In particular, we have stressed the peculiarity of
the H+K(Ca II) index of being very sensitive to age variations even
in the case of small amounts of very young stellar content.
From the comparison of the index values with the expectations
of single-component BC03 models, we found that many measured
values deviate significantly from models. Nor synthetic models with
different star formation time-scale τ neither those with different
metallicity could explain the discrepancy from the ages indicated
by the 4000 index (in general older) and those pointed out by
the H+K(Ca II) index. Furthermore, particularly intriguing it was
the finding of some values of the H+K(Ca II) index which were too
high to find any correspondence with models.
Such a behaviour has thus been attributed to inhomogeneous
properties of the stellar populations in the sample galaxies, in par-
ticular to age variations. Simple models where the bulk of the star
formation happened in a dominant initial event (within a time-scale
τ ) are not able to explain our results: a further degree of complexity
is necessary to understand the star formation history of our sam-
ple galaxies. To take into account these inhomogeneities, we then
introduced in the modelling a second star formation event, thus con-
sidering the stellar population composed of two stellar components
which differ from their ages. Adopting composite models, the re-
sult is that a small mass percentage of younger stellar component
is enough to explain those index values that were not consistent
with single-component models. In particular, those high values of
the H+K(Ca II) index could be explained introducing the contri-
bution of gas emission lines, due to the presence of star-forming
regions. Indeed, small mass fractions of very young components
(<0.1 Gyr), where the star formation is still ongoing and the H

Balmer line is in emission, are able to fill the whole H line involved
in the H+K(Ca II) index, thus increasing its expected value. From
the fitting analysis, we obtained that for at least 60 per cent of the
galaxies of our sample, there are pieces of evidence of the presence
of small mass fractions of a younger population coexisting with a
much older stellar bulk.
Data suggest that the ages of the older components follow two
distinct distributions with mean ages of 2.25 and 5.3 Gyr without
any correlation with z, which correspond to mean formation redshift
for the bulk of stars at 1 < zform < 3 and zform > 5. However, due
to the limited number of galaxies of our sample (15) not uniformly
distributed in redshift, these results could be only a selection effect.
Moreover, we found that the main component ages tend to be older
than what concluded from the standard SED fitting analysis [in
agreement with (Fan et al. 2014) analysis on star-forming galaxies],
with some implications on the stellar mass estimate, which results
to be underestimated by a factor of ∼1.2 on average. The following
star-forming events (i.e. the younger components) are detected at
any redshift of the galaxies of our sample (0.7 < z < 1.1), so
it cannot be outlined in a common cosmic period in which the
younger component has been accreted. It appears more likely that
the star formation is triggered steadily over the cosmic time within
field ETGs.
We have supposed the presence of younger components also in
higher z sample of passive elliptical (Onodera et al. 2012) up to
z = 1.8, and in z ∼ 1 cluster galaxies (Jørgensen & Chiboucas
2013) even if based on the Hδ index rather than the H+K(Ca II)
index, the former less sensible to small amounts of young stellar
content. We have found that, in general, the ages of the minor
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younger component are less young for galaxies belonging to cluster,
and more extreme with the increasing of redshift.
Having revealed the presence of small young stellar components
in many galaxies in a wide redshift range (0.7 < z < 1.8, thanks to
the enlarged sample) implies that there must be a common mecha-
nism by which ETGs at any cosmic time either accrete new amounts
of young stellar mass by means of minor merging events or activate
new events of star formation almost constantly over time. Minor
merger-induced star formation is the most widely accredited hy-
pothesis to explain the presence of ongoing star formation in ETGs,
since it has been also found in the local Universe (Kaviraj et al.
2012). Minor mergers are those with mass ratio (M/m) in the range
1/10 < M/m < 1/4, and our findings on the younger components’
mass fractions are consistent with this scenario. Indeed, adopting
the assumption of ‘dry’ minor merging, which in general involves
a maximum value of gas fraction of 10 per cent of the total accreted
mass (stars+gas), the very small fractions of the second components
observed in this work, i.e. ∼0.1 per cent, result in agreement with
this description. On the other hand, obviously, also wet minor merg-
ing events are able to explain the origin of the observed younger
component, with the accretion of external gas being the driver of
new star formation activity. However, minor merging events do not
seem to be so frequent in the cosmic epoch from z ∼ 1 to now.
Indeed, Lopez-Sanjuan et al. (2012) have found that from z ∼ 1
to z ∼ 0 the number of minor merging per red galaxy is 0.46 ±
0.06; thus, it seems rather unlikely that in an albeit small sample of
15 galaxies, we found that at least 9 objects (i.e. 60 per cent) have
recently experienced a minor merging event. In addition, it must
be considered that all these objects have been classified as ETGs
and their morphology appear all regular; thus, if merger events have
happened in the cosmic histories of these galaxies, they must have
taken place at least few Gyr earlier with respect to their observa-
tion in order to resettle the elliptical morphology. But this is not
in agreement with our findings where the younger component is
always observed with age <1 Gyr.
Moreover, other independent works, such that by Gargiulo et al.
(2012), not only have demonstrated the inhomogeneities of stars in
ETGs at z > 1, but they have also localized the younger component
in the inner part of the galaxies. This naturally leads to the question
of what is the physical mechanism which, after the external mass
accretion by means of hypothetical merging events, is able to bring
only the younger stars to the centre of galaxies at least in the case
of dry merger event.
On the other hand, our finding of a second younger component
also in other high-z samples suggests that the presence of a small
percentage of young stars at any epoch which coexist with the
passively evolving older stellar bulk of the galaxy could be common
in ETGs. In fact, it is known that ETGs contain small fraction of cold
molecular gas that could be converted in star formation activity and
its presence has been observationally detected in the local Universe
(Lees et al. 1991; Crocker et al. 2011; Panuzzo et al. 2011). This
minimal gas reservoir, besides having a presumed external origin,
could also be due to the stellar mass-loss or may be left over from the
initial star formation major burst in the earlier epochs. The favoured
scenario is that of the cold accretion: it has been shown (Fardal et al.
2001; Keres et al. 2005; Dekel & Birnboim 2006) that a cold gas
mode could be responsible for the star formation in the cosmic
history of galaxies and that it can be present, with its filamentary
nature and in small quantities, also in spheroidal passive systems
where the hot gas mode is dominant. In fact, Keres et al. (2005) show
that, from z ∼ 3 to z ∼ 0, hot gas mode-dominated galaxies, i.e.
passive and massive spheroids, can form new stars thanks to small
amounts of cold gas, and the involved mass fractions, <20 per cent
for stellar masses log(M∗) > 10.5, are fully consistent with the
detected mass fractions of the younger component in our analysis
sample. In addition, this scenario could be in agreement with the
observed inner position of the younger component, as the cold gas
stream is assumed to infall towards the centre of galaxy attracted
by the main potential well.
Thus, the detected young stellar component in the sample of
ETGs analysed in the present work suggests that a star formation
activity took place steadily over time during the secular evolution
of these galaxies, activated by small gas quantities since z > 1.
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ABSTRACT
We present the first estimate of age, stellar metallicity and chemical abundance ratios,
for an individual early-type galaxy at high-redshift (z = 1.426) in the COSMOS field.
Our analysis is based on observations obtained with the X-Shooter instrument at
the VLT, which cover the visual and near infrared spectrum at high (R > 5000)
spectral resolution. We measure the values of several spectral absorptions tracing
chemical species, in particular Magnesium and Iron, besides determining the age-
sensitive D4000 break. We compare the measured indices to stellar population models,
finding good agreement. We find that our target is an old (t > 3 Gyr), high-metallicity
([Z/H] > 0.5) galaxy which formed its stars at zform > 5 within a short time scale
∼ 0.1 Gyr, as testified by the strong [α/Fe] ratio (> 0.4), and has passively evolved in
the first > 3− 4 Gyr of its life. We have verified that this result is robust against the
choice and number of fitted spectral features, and stellar population model. The result
of an old age and high-metallicity has important implications for galaxy formation and
evolution confirming an early and rapid formation of the most massive galaxies in the
Universe.
Key words: galaxies: elliptical and lenticular, cD – galaxies: high-redshift – galaxies:
stellar content.
1 INTRODUCTION
The cosmic history of galaxy mass assembly represents one
of the open key questions in cosmology. Early-type galax-
ies (ETGs) are the most effective probes to investigate this
topic, as they are the most massive and oldest galaxies in
the local Universe and most likely those whose stars formed
earliest. Observations have shown that a population of mas-
sive and passive galaxies is already in place at high redshift,
when the Universe was only a few Gyr old (Cimatti et al.
2004, Saracco et al. 2005). So far, the main physical pa-
⋆ Based on observations collected at the European Organisation
for Astronomical Research in the Southern Hemisphere, Chile
(programme: 086.A-0088(A))
† E-mail: ilaria.lonoce@brera.inaf.it (OAB)
rameters related to their formation and assembly have been
mainly estimated on local ETGs, and their ageing and evo-
lution can mix up and confuse the original properties when
the bulk of their mass formed and assembled. Information
on the star formation (SF) time-scale of high-z ETGs can
be obtained from the detailed chemical abundance ratios of
their stellar populations (Thomas et al. 2005), which can
be derived by a detailed spectral analysis. Indeed, the abun-
dance of Iron with respect to α-elements is tightly correlated
with the time delay between Type I and Type II supernovae
(SN), giving a direct probe of the time-scale within which
SF has occurred.
Up to now, only few works have experimented a spectral
analysis on ETGs at z > 1 (Lonoce et al. 2014, Onodera et
al. 2012, Jørgensen et al. 2014) due to the low S/N of the
available spectroscopic data, and they were mostly focused
c© 2015 RAS
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on age estimates, in particular using the UV region (Cimatti
et al. 2008). The analysis of the rest-frame optical spectrum
is still lacking.
Furthermore, measures are usually performed on
stacked spectra (Onodera et al. 2015), thus deleting possible
peculiarities of single objects.
A single-object measurement of age, stellar metallicity
and chemical abundance ratios of z > 1.2 ETGs is miss-
ing at the present time. We fill this gap, presenting the first
attempt to measure the detailed chemical composition, be-
sides age, of a z ∼ 1.4 ETG directly in the early stages of
its evolution.
Throughout this paper, we assume a standard cosmol-
ogy with H0 = 70 km s
−1 Mpc−1, Ωm = 0.3 and ΩΛ = 0.7.
2 COSMOS-307881: SPECTROSCOPIC DATA
Our target is a bright and massive (> 1011 M⊙) ETG from
the K-selected galaxy catalog in the COSMOS (Cosmologi-
cal Evolution Survey) field (McCracken et al. 2010). It is one
of the 12 galaxies with Ks(Vega) < 17.7 selected by Mancini
et al. (2010) on the basis of three criteria: (i) non-detection
at 24 µm in the Spitzer+MIPS data (Sanders et al. 2007);
(ii) visual elliptical morphology (see Fig. 1, top panel); (iii)
multicolor Spectral Energy Distribution (SED) consistent
with old and passive stellar populations with no dust red-
dening. All available information are shown in Table 1. For
further details see Mancini et al. (2010) and Onodera et al.
(2012). From these studies we can infer that our target is
an old and slightly compact (Re ∼ 0.3 Rz=0e , w.r.t. the local
size-mass relation) ETG, and most of its mass is composed
by a passively evolving stellar population. In the following
we present a new analysis of the stellar population proper-
ties of this ETG based on new spectroscopic data, which,
thanks to the high resolution in a wide spectral range of the
X-Shooter spectrograph, allows us to measure the stellar
metallicity of this high-z target.
Spectroscopic observations were carried out with the X-
Shooter spectrograph on the VLT/UT2 (Vernet et al. 2011)
in Italian guaranteed time during the nights 9 − 10 Febru-
ary 2011, (program: 086.A-0088(A)). The target has been
observed under bad sky condition (seeing > 2′′) during the
first night (about 1.7h for the VIS and UVB arms and about
1.9h for the NIR arm), while during the second night more
than 4 hours of exposure have been collected under good
sky conditions (seeing ∼ 0.8′′). We decided to consider only
the latter set of observations. The use of the 1′′.0 slit in the
UVB arm and 0′′.9 slit in the VIS and NIR arms, resulted
in a spectral resolution of 5100, 8800 and 5600 in the UV,
VIS and NIR respectively.
The data reduction has been performed taking advan-
tage of the ESO pipeline (Goldoni et al. 2006) regarding the
first steps of the process, and completed by means of IRAF
tools. In Fig. 1 the reduced mono-dimensional spectrum of
307881 (black line) is shown in comparison with the pho-
tometric points (cyan diamonds, from Muzzin et al. 2013,
and McCracken et al. 2012). Overlaid is a 4 Gyr, super-
solar metallicity (Z= 0.04) simple stellar population (SSP)
model of Maraston & Stro¨mba¨ck (2011) (M11) based on the
MILES stellar library (Sa´nchez-Bla´zquez et al 2006) (red
line). Note that this template is the most similar in term of
age and total metallicity, to the best-fit solution that will
be derived in the next section. The full spectral model, as
known, does not include the α/Fe parameter (see Maraston
& Stro¨mba¨ck (2011)), which we shall derive using selected
absorption-line models in the next section (see Thomas et
al. (2011)).
The original high resolution of the spectrum (e.g. ∼ 1
A˚ in the VIS) has been decreased to match the lower resolu-
tion of the models (i.e. ∼ 2.54 A˚ at rest-frame, and ∼ 6 A˚ in
the VIS at z= 1.4), which are used to perform the analysis
of spectral indices (for details see Lonoce et al., in prepara-
tion). Note that we adopted the MILES-based M11 models
instead of the higher resolution ones (M11-ELODIE or M11-
MARCS, see www.maraston.eu/M11) to take advantage of
the increasing S/N in downgrading the observed resolution.
The value of the signal to noise ratio (S/N) obtained in the
spectral region around 5000 A˚ restframe is ∼ 7 per pixel.
In Fig. 2 we show how the Hβ and Mgb are expected
to appear on a synthetic template (upper first panel) that
broadly reproduces the observed one. The model is firstly
adapted to the measured velocity dispersion (upper second
panel), then downgraded to be as noisy as the observed spec-
trum (upper third panel) and finally compared to the ob-
served one (bottom panel). The similarity between expected
and observed absorption features is quite evident.
3 SPECTRAL ANALYSIS
As a first step, we measured the redshift of 307881 fitting
the Mgb line region, which is the cleanest from the back-
ground residuals, as it can be seen in Fig. 1 (bottom panel),
finding z= 1.426± 0.001. The Mgb line region has been also
used to find a best fitting velocity dispersion estimate, that
resulted to be σ = 385±85 km/s. More details on the fitting
procedure adopted to fix both z and σ will be described in
the forthcoming paper.
We then selected some indices whose absorption fea-
tures are clearly visible in the observed spectrum, to try to
simultaneously derive both the mean age and the metal-
licity of its stellar population. The selected indices are:
D4000 index (Hamilton 1985), HγF (Worthey & Ottaviani
1997), G4300, Fe4383, Ca4455, Fe4531, Hβ, Fe5015 and Mgb
(Lick/IDS system, Worthey et al. 1994). In particular, it is
well known that the Mgb index is the best metallicity and
chemical abundance dependent index in the region around
5000 A˚ restframe (Korn et al. 2005). In Table 2 we report
the measured values of these indices together with their er-
rors derived by means of Monte Carlo simulations set on the
uncertainties in the flux measurements.
Finally, we want to point out the presence of the
[OII]3727 emission line (Fig. 1, middle panel). We can ex-
clude that its origin is due to an active AGN, since we do
not see any other signature in the observed wide spectral
window. There are reasonable possibilities that this emis-
sion is caused by the UV ionizing emission of old stars in
post main-sequence phases (Yi & Yoon 2004), as confirmed
by UV indices (Lonoce et al., in preparation), while a strong
contribution from SF can be excluded. Indeed, as it can be
noted from Fig. 2 (left panels), it is highly unlikely that the
Hβ feature is affected by emission, considering also that its
c© 2015 RAS, MNRAS 000, 1–8
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Figure 1. COSMOS 307881. The galaxy observed spectrum (black line) is compared to a model (Maraston & Stro¨mba¨ck 2011) with
age of 4 Gyr and super-solar metallicity (Z= 0.04), and to observed photometric data (cyan diamond). Top panel: VIS and NIR spectral
region together with the HST/ACS I-band image of the target. Middle panel: zoom of the 4000 A˚ rest-frame region. Bottom panel: zoom
of the 5000 A˚ restframe region. The main absorption (and one emission) lines in each spectral region are highlighted. Dark green lines
indicate the residual spectrum.
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Table 1. COSMOS-307881. Data derived from the analysis of Onodera et al. (2012): K-band magnitude in Vega system (Ks);
spectroscopic redshift (zONODspec ); stellar population age (Agephot) and logarithm of the stellar mass (logM∗) derived from SED
fitting assuming a Chabrier IMF (Chabrier 2003); effective radius (Re); degree of compactness (C=Re/Re,z=0); Sersic index
(n). Units of right ascension are hour, minutes and seconds, and unites of declination are degrees, arcminutes and arcseconds.
ID RA DEC Ks zONODspec (*) Agephot logM∗ Re C Sersic n
(Vega) (Gyr) (M⊙) (kpc)
307881 10:02:35.64 02:09:14.36 17.59 1.4290±0.0009 3.50 11.50 2.68±0.12 0.32 2.29±0.10
(*)This work: zspec = 1.426± 0.001









    










    











    




















    










    











    











Figure 2. Hβ (left panels) and Mgb (right panels) features in the 4 Gyr, 2Z⊙ metallicity model shown in Figure 1. From top to bottom
we show: model at z ∼ 1.4; model corrected for σ = 385 km/s; model downgraded for the observed poissonian noise; model compared to
the observed spectrum (point-dashed red line).












value suggests a stellar population age in good agreement
with that derived by the Hγ and D4000 index.
4 MODEL COMPARISON
In Fig. 3 we show the observed Mgb and Hβ indices (blue di-
amond), compared to the predictions of the SSP of Thomas
et al. (2011) (hereafter TMJ models), based on the MILES
library for a wide range of ages (from 0.1 Gyr shown up to
the age of the Universe at z ∼ 1.4, i.e. 4 Gyr); super-solar
metallicities [Z/H]= 0.35 (red lines) and [Z/H]= 0.67 (cyan
lines), and various α/Fe parameters, namely [α/Fe]= 0.0,
0.3, 0.5. Models assume a Salpeter (1955) initial mass func-
tion (IMF), and are corrected for the measured velocity dis-
persion value of σ = 385 ± 85 km/s. As it can be seen, the
extreme value of the Mgb index fully requires high metal-
licity models up to [Z/H]= 0.67. In particular, in Fig. 3 the
model expectations for these indices are reported also in case
of non-solar values of the α-enhancement [α/Fe], from 0.3
to 0.5 (dashed and dotted lines respectively).
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Figure 3. Hβ versus Mgb plot. Comparison between the mea-
sured indices (blue diamond) and models of Thomas et al. (2011)
(lines). Ages run from 0.1 to 4 Gyr, for super solar metallicities
of [Z/H]= 0.35, 0.67 (red, cyan lines), and α-element abundances:
[α/Fe]= 0.0, 0.3, 0.5 (solid, dashed, dotted lines). The models are
corrected for the measured value of σ = 385 km/s.
Models corresponding to extreme values of [α/Fe]> 0.5
seem to be required to match the observations.
The behaviour of the Mgb index, requiring such extreme
values of Z, is confirmed also when considering the other
absorption lines that we were able to measure on this X-
Shooter spectrum. Indeed, as it can be noticed in Fig. 4
where we propose 3 examples of Lick indices (G3400, Hβ
and Fe4383, upper, middle and bottom panel respectively)
as a function of D4000, all measured indices consistently
point towards a very-high metallicity ([Z/H] ∼ 0.67, cyan
lines) being only marginally consistent with the 2Z⊙ values
([Z/H] ∼ 0.35, red lines).
Notice that the highest metallicity models in Thomas et
al. (2011) are partly in extrapolation, as they are sampling
the edge of the parameter space in terms of the available
empirical fitting functions for such extreme stellar param-
eters (see Johansson et al. (2010)). At the same time, the
underlying stellar tracks are based on real calculations (see
Maraston et al. (2003) for details).
More quantitatively, we have computed the best fit-
ting solution obtained comparing all 9 observed indices val-
ues (Table 2) with models. The free parameters were age
(0.1 − 4.5, truncated at the age of Universe, with step
0.1 Gyr)1, the total metallicity (from [Z/H]= −2.25 to
[Z/H]= 0.67, with step 0.01) and the α/Fe-enhancement
(from [α/Fe]= −0.3 to [α/Fe]= 0.5, with step 0.01). The
minimum χ2 value corresponds to an age of 4.0+0.5−0.8 Gyr,
metallicity [Z/H]= 0.61+0.06−0.05 and [α/Fe]= 0.45
+0.05
−0.19 , with
χ2 = 0.7 and an associated probability ∼ 70%. Errors indi-
cate the range values of these parameters over all the solu-
tions associated to probabilities larger than 65%. The dis-
tributions of the 3 fitting parameters, displayed in different
1 Note that we have performed the analysis using all available
model ages (up to 15 Gyr) thereby ignoring the age of the Uni-
verse as a constrain. However, as no particular improvement was
noticed in the derived quantities, we decided to focus on ages
within the age of the Universe at z ∼ 1.4



































Figure 4. Comparison between four measured indices (G4300,
Hβ and Fe4383 versus D4000) and the models of Thomas et al.
(2011). Ages run from 0.1 − 4 Gyr, metallicities from [Z/H]= 0,
0.35, 0.67 (black, red, cyan lines), and α-element abundances from
[α/Fe]= 0, 0.3, 0.5 (solid, dashed, dotted lines). The measured
values are shown with a blue diamond. Indices values of models
are corrected for the measured value of σ = 385 km/s.
χ2 ranges, are shown in Fig. 5, top panel. A global picture
of the χ2 values can be seen in Figure 6 where the minimum
χ2 trends of the 3 parameters of all solutions are shown. It
is easy to notice that ages < 2 Gyr can be completely ex-
cluded due to the rapid increasing of their χ2 values toward
younger ages. Instead for ages > 4.5 Gyr (limit of the Uni-
verse age, not shown here) the χ2 values remains practically
constant.
Furthermore, we found that models with Z6Z⊙ provide
a fit of the free parameters with a probability less than 0.1%.
We also verified the strength of this result by repeating
the same fitting process selecting smaller and different set
of indices, finding very similar solutions with respect to the
previous ones based on the whole set of indices. Two exam-
ples are shown in Fig. 5 (middle and bottom panels): the
distributions of the fitting solutions are obtained from two
smaller sets of indices (i) D4000, G4300, Hγ, Fe4383, Hβ,
Fe5015 and Mgb and ii) D4000, Hγ, Hβ and Mgb) which
lead to a best-fit solution of i) age= 4.0 Gyr, [Z/H]= 0.61
and [α/Fe]= 0.44 with χ2 = 0.9, and ii) age= 4.0 Gyr,
[Z/H]= 0.60 and [α/Fe]= 0.5 with χ2 = 0.5, both totally
consistent with the all-indices one.
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Figure 7. Distributions of [Z/H] and [α/Fe] derived for a set
of 500 mock spectra built on a model spectrum with parameters
(Table 3) as those of the best-fit to the observed spectrum and
adding the poissonian noise. The two distributions are well peaked
around the true original values (red vertical lines).
We also evaluated the feasibility of this analysis on
this low S/N spectrum, in particular for metallicity and α-
enhancement estimates, by repeating it on a set of 500 mock
spectra built on a model spectrum with parameters as the
best-fit to the observed one (cfr. Table 3) and downgraded
with the poissonian observed noise. The obtained distribu-
tions of the measured [Z/H] and [α/Fe] are shown in Fig.
7. They all peak around the true original values (red verti-
cal lines) demonstrating that within the declared errors the
obtained values are solid.
Furthermore we tested if the large error on the velocity
dispersion could affect the results by performing the same
analysis assuming σ = 300 km/s. We found the same best-fit
solution (4.1 Gyr, [Z/H]= 0.6, [α/Fe]= 0.41 with χ2 = 0.6).
Finally, in order to test the model dependence of this re-
sult, we repeated the same analysis adopting the Bruzual &
Charlot (2003) models (BC03). These models do not include
the [α/Fe] parameter, hence we shall use them to constrain
age and total metallicity solely. The BC03 models cover a
slightly lower Z range with respect to our fiducial TMJ mod-
els, and are based on different stellar evolutionary tracks.
The BC03 best-fit corresponds to an age of 4.5 Gyr and a
metallicity of [Z/H]= 0.4, which is the maximum available
metallicity in these models. Hence our result of a high-age
and high-Z is not model dependant.
It is important to note the high metallicity is mainly
derived as a consequence of the maximum allowed age of
4.5 Gyr. Should we allow the age to be older than the age
of the Universe, the metallicity will decrease, as a result of
age/metallicity degeneracy. Actually, the large error bar of
both the indices and of σ prevents a real precise measure
of the metallicity, but the peculiarity of such a strong Mgb
absorption band combined with the narrow range of possible
ages (due to its redshift), make necessary the assumption of
a very high value of the stellar metallicity.
Table 3. Results: spectroscopic redshift (zspec) and velocity dis-
persion (σ) obtained from this spectroscopic analysis; best-fit val-
ues of age (Gyr), [Z/H] and [α/Fe].
zspec σ (km/s) Age (Gyr) [Z/H] [α/Fe]
1.426± 0.001 385± 85 4.0+0.5−0.8 0.61+0.06−0.05 0.45+0.05−0.19
5 DISCUSSION AND CONCLUSIONS
We have performed a detailed spectroscopic analysis of a
z=1.426, massive (M∗ ∼ 1011M⊙), early-type galaxy. We
gain strong evidence of a high stellar metallicity and α-
enhancement, and old (relative to its redshift) age (Table 3).
These quantities constrain the past SF history experienced
by the galaxy. In particular, the [α/Fe] ratio, quantifying the
time delay between Type II SN events, responsible of the
production of α-elements, and the Type Ia SNs, related to
the formation of Fe-peak elements, allows to determine the
SF time-scale (Thomas et al. 2005). The high value [α/Fe]
∼ 0.4 obtained for 307881 is a direct signature that its SF
time-scale must have been short. In particular, adopting the
simple theoretical modelling of Thomas et al. (2005), where
the SF is modelled with a Gaussian function, we obtain a
time-scale ∆t ∼ 0.1 Gyr covering the interval within which
95% of the stars were formed. Considering also the old age
of its stellar content, this suggests that 307881 formed the
bulk of its stars at zform > 5 within a short time-scale of
∆t ∼ 0.1 Gyr and then passively evolved over the following
4 Gyr.
With the high [α/Fe] value suggesting a short SF time
scale for 307881, the clear indication for an extremely high
total metallicity opens new issues on the gas enrichment his-
tory of the Universe. It is worth emphasising that the global
integrated metallicity of the local ETGs never reaches values
higher than the 1 − 2 Z⊙. Indeed, we considered the local
sample analysed in Thomas et al. (2010) and quickly veri-
fied that the metallicity and [α/Fe] values of 307881 together
with its velocity dispersion estimate, are not included in the
local distribution of values, even if such high values of Z and
[α/Fe] are expected for dense ETGs as suggested by these
scaling relations. Thus, this suggests that this galaxy must
experience mass accretion events (minor merging) from z
= 1.4 to z = 0 which will move it on the observed local
scaling relations towards lower values of both Z and σ, di-
luting the extreme metallicity stars and confining them in
the central part of the galaxy. Indeed, such extreme metal-
licity values are in some cases found in the inner core of
local massive ETGs (Thomas et al. 2005, Trager et al. 2000,
Mart´ın-Navarro et al. 2015) which are known to show metal-
licity gradients (La Barbera et al. 2012). We calculated that
adding e.g. 15% of a sub-solar metallicity component, as in
the case of dwarf galaxies, to 307881 would decrease the mea-
sure of its average metallicity to the local observed values.
On the other hand, the gas metallicities up to now measured
in z > 3 star forming galaxies result to be solar or sub-solar,
and do not match at all the high stellar value measured in
our target galaxy (Mannucci et al. 2009) and in the centers
of local ETGs (Spolaor et al. 2008). It is out of the aims of
the present paper to suggest a possible explanation of this
missing detection of high-z high metallicity gas. A possi-
bility is that the lower gas metallicity comes from dilution
c© 2015 RAS, MNRAS 000, 1–8
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Figure 5. Distributions of the fitting-solutions: age, metallicity and α-enhancement. Colours and symbols indicate solutions in different
χ2 ranges, e.g. green squares include the most probable solutions. Top panel: distributions obtained from the all-indices analysis; middle
panel: distributions obtained from a smaller set of indices: D4000, G4300, Hγ, Fe4383, Hβ, Fe5015 and Mgb; bottom panel: distributions
obtained from a smaller set of indices: D4000, Hγ, Hβ and Mgb.






























Figure 6. Trends of minimum χ2 for age, [Z/H] and [α/Fe] of all obtained solutions. In particular, ages < 2 Gyr can be completely
excluded due to the rapid degrade of χ2 towards younger ages.
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through infalling primeval gas, or selective mass loss of met-
als in galactic winds. At the same time, the estimate of the
metallicity of the Broad Line Regions in quasars at z > 4
reveals gaseous metallicities even higher than the stellar one
reported here (Juarez et al. 2009), suggesting the possibility
that their enriched gas is involved in the initial SF events of
(at least some) high-z massive proto-elliptical galaxies.
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